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ABSTRACT 


Carbon  nano  tubes  (CNTs)  demonstrate  great  potential  for  developing  high-performance 
multifunctional  materials  due  to  their  unique  combination  of  exceptional  mechanical,  thermal 
and  electrical  and  lightweight  properties.  In  this  project,  we  explored  two  novel  low-density 
material  systems  to  potentially  realize  the  ultimate  intrinsic  properties  of  CNTs  for  scale-up 
applications:  1)  continuous  highly  aligned  CNT  tapes  or  sheets  and  2)  CNT  sheet/  carbon  fiber 
hybrid  composites  (CNT/CF)  with  aerospace-grade  quality  and  carbon  fiber  concentration. 

We  studied  different  approaches  for  engineering  CNT  networks  in  CNT  thin  films  or  buckypaper 
to  achieve  a  high  degree  of  alignment  and  graphitic  crystal  packing.  By  selecting  extra-large 
aspect  ratio  (>100,000)  and  small  diameter  (5-8  nanometers)  double-walled  CNTs  and  using  load 
transfer  media  in  CNT  networks,  we  developed  a  unique  mechanical  stretching  process  to  realize 
a  high  degree  of  alignment  and  graphitic  crystal  assembling  CNTs  to  reduce  packing  defects  in 
macroscopic  assemblages  of  CNTs.  The  aligned  CNT  fraction  in  the  resultant  materials  can  be  as 
high  as  0.93,  which  is  close  to  that  of  carbon  fiber  materials.  We  discovered  that  the  unique 
geometrically  constrained  self-assembly  and  graphitic  crystal  packing  of  flattened  and  aligned 
CNTs  can  lead  to  close  surface  contact  between  CNTs  to  substantially  improve  the  load  transfer 
and  mechanical  properties.  We  also  revealed  that  extremely  low  permeability  m^)  of 

CNT  thin  film  or  buckypaper  materials  could  largely  eliminate  through-thickness  flow  of  resin 
matrix  during  composite  autoclave  fabrication  process.  Modifications  in  the  processing 
parameters  and  consideration  of  strong  capillary  resin  absorption  of  CNT  networks  during  CNT 
buckypaper/CF  prepreg  materials  for  hybrid  composites  are  needed  to  fabricate  aerospace-grade 
hybrid  composites  with  58  wt.%  CNT  and  5060  vol.%  carbon  fiber  concentrations.  The 
composites  with  CNT/CF  alternative  interply  hybridization  demonstrated  promising 
mechanical/electrical  multifunctional  feature.  Furthermore,  strong  CNT  layers  acted  as  effective 
microcrack  arresting  layers  to  potentially  improve  damage  tolerance  properties.  The  project 
results  provide  a  new  fundamental  understanding  of  scale-up  CNT  applications  in  lightweight 
and  multifunctional  composites  and  structures. 
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1,  Mechanisms  and  Scale-up  Process  Development  of  Mechanical  Stretching  to 
Fabricate  Highly  Aligned  CNT  Materials 

1,1  CNT  Alignment 

Carbon  nano  tubes  (CNTs)  have  great  potential  as  a  new  high  performanee  material  due  to  their 
high  mechanieal,'”'"^  thermal'®"'"^  and  electrical’' properties.  The  tensile  strength  for  an 
individual  multi-walled  carbon  nanotube  (MWCNT)  has  been  measured  between  1 1  and  63  GPa. 

'  More  importantly,  CNTs  are  highly  anisotropic  in  nature  and  similar  to  carbon  fibers  and 
Kevlar  fibers.  Those  exceptional  properties  only  exist  along  the  CNT  axial  direction.  For  an 
example,  when  CNT  networks  of  randomly  oriented  nanotubes  are  fabricated  for  scale-up 
applications,  the  theoretical  high  strength  for  individual  nanotubes  is  far  from  being  attainable 
due  to  many  factors,  with  the  lack  of  alignment  in  the  network  a  major  factor. 

Many  research  groups  have  attempted  different  techniques  to  align  CNTs  in  their  networks. 
Some  attempted  methods  involve  using  filtration  to  orient  the  CNTs  while  in  suspension,'^  using 
argon  gas  flow  to  create  flow  induced  alignment,'^  growing  the  carbon  nanotube  forest  using 
chemical  vapor  deposition  and  plasma  enhanced  chemical  vapor  deposition  to  obtain  natural 
growth  orientation,^’^""^*  template/sp inning  techniques  to  aid  in  growth  orientation,"'’^^"^'  melting 
processing  methods^^’^^  to  achieve  alignment  via  shear  flow,  polymerization  encapsulation 
techniques  to  take  advantage  of  electrical  and  thermal  properties  of  aligned  CNT  sheets  and 
CNT/polymer  composites,^  magnetic  fields  to  induce  alignment  on  a  random  film,^"'"^"  pushing  a 
vertically-aligned  nano  tube  “foresf’  down  into  an  aligned  sheet  using  shear  pressing,^’""  and 
mechanically  stretching  a  CNT/polymer  film  using  the  polymer  as  a  load  transfer  media  before 
curing  of  a  thermoset  polymer  or  under  heating  for  a  thermoplastic  polymer.^’'^”'^’"'^"^^ 

Of  the  many  methods  attempted  of  CNT  alignment,  the  most  popular  are  magnetic  alignment, 
CNT  fiber  by  spinning,  and  mechanical  stretching.  Windle  and  co-workers  implemented  a 
twisting  method  that  resulted  in  a  tensile  strength  of  8.8  GPa  and  Young’s  modulus  of  357  GPa 
for  a  CNT  fiber  with  1  mm  test  gauge  length^  due  to  high  alignment  and  dense  packing  of  CNTs. 
The  continuous  spinning  method  was  also  used  by  Liu  and  coworkers  by  which  they  combined 
the  twisting  and  condensing  methods.""’  Pasquali’s  group  used  a  wet  spinning  method  to  produce 
very  dense  CNT  fibers  with  highly  aligned  DWCNTs  and  less  defects,  achieving  high  tensile 
strength  of  1  GPa  and  modulus  of  120  GPa  and  electrical  conductivity  of  2.9  MS/m."'^  A  similar 
stretch  winding  process  was  used  by  Zhu  and  his  coworkers  that  resulted  in  a  high  CNT  volume 
fraction  nanocomposite  with  a  tensile  strength  of  3.8  GPa  and  modulus  of  293  GPa  because  of 
the  dramatic  improvement  of  alignment  and  dense  CNT  packing."'*  Our  group  used  a  mechanical 
stretching  method  of  fabricating  aligned  CNT  sheets  that  produced  tensile  strength  of 
approximately  2.1  GPa  and  modulus  of  169  GPa  due  to  the  improvement  of  CNT  alignment  and 
crystal-like  packing.’  '^  Figure  1  shows  two  examples  of  dense  packing  and  high  degree  of 
alignment  of  CNTs  in  both  continuous  CNT  fibers"'^  and  mechanical  stretched  large  CNT 
sheets. These  advances  and  results  from  discovering  and  studying  dedicated  CNT 
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assemblage  mierostructures  toward  developing  high-strength  materials  are  very  promising.  To 
fully  utilize  these  methods  to  transfer  the  nanotube  properties,  exploring  and  understanding  how 
the  network  is  nanosoopieally  and  maeroseopioally  modified  during  the  processes  of  alignment 
and  the  critical  conditions  to  achieve  high  degree  of  alignment  are  necessary. 


(a)  Dense  CNT  packing  in  (a)  Highly  aligned  CNTs  in  mechanically 
wet-spinning  fiber  stretched  CNT  sheets 


Figure  1.  Highly  aligned  and  dense  packing  mierostructures  of  CNTs  in  high-performance  CNT  fiber 

(Pasqualfi^)  and  sheets  (Liang’’ 

The  mechanical  stretching  process  can  be  a  cost  effective  solution  for  scale-up  manufacturing  of 
aligned  CNT  materials.  A  crucial  intrinsic  property  that  the  random  network  of  CNTs  needs  to 
possess  in  order  to  be  stretched  to  achieve  high  degree  of  alignment  is  an  extremely  high  aspect 
ratio  (>100,000)  of  each  constituent  nanotube. Large  aspect  ratios  allow  the  network  with 
heavy  molecular  entanglement  to  withstand  plastic  deformation  and  the  nanotube  network  to 
reach  a  high  degree  of  alignment  in  its  nanostructure,  similar  to  carbon  fiber  and  polymer 
molecules. 

1.2  Mechanical  Stretching 

A  random  network  of  CNTs  forces  uniaxial  alignment  can  be  stretched  along  the  plane  of 
applied  force.  The  method  of  applying  uniaxial  force  to  a  CNT/polymer  matrix  was  first  applied 
by  Jin  et  al.  in  1998  by  casting  CNTs  with  a  thermoplastic  polymer  then  stretching  the  product  to 
vary  the  degree  of  alignment  within  the  polymer/CNT  composite.  The  resulting  alignment  was 
studied  using  X-ray  analysis  to  find  the  produced  morphology."^^  This  method  was  further  studied 
by  Badaire  et  al.  who  found  a  correlation  between  elongation  percentage  and  thermal/electrical 
property  improvements  (thermal;  3-4  factors  larger,  electrical:  several  orders  larger)."^*  Kim  et  al. 
studied  the  dispersion  and  alignment  of  CNTs  in  a  gelatin  film  and  the  resulting 
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photoluminescence  and  highly  polarized  absorption  properties  that  show  promise  in  light- 
emitting  materials."^^  Miaudet  et  al.  showed  that  the  principle  of  stretching/drawing  a  fiber  was 
effective  for  inducing  PVA  crystallinity  that  increases  toughness  of  the  composite."^^  Wang  et  al. 
combined  the  spinning  and  stretching  techniques  by  taking  an  aligned  film  and  further  stretching 
2%,  4%  and  7%,  which  showed  additional  straightening  of  the  nanotube  network  resulted  in 
ultimate  strength  increases  of  50%,  150%  and  199%,  respectively."^'^  Our  group  has  shown  that 
using  randomly  oriented  millimeter  long  MWCNT  networks  with  adding  Bismaleimide  (BMl) 
and  applying  uniaxial  force  before  resin  cure  orient  the  nanotubes  in  sheets  through  strain- 
induced  nanotube  interactions,’’'^"'*  as  shown  in  Figure  2.  They  have  shown  a  correlation 
between  the  elongation  and  aligned  percentages  and  achieved  improved  mechanical  properties 
when  stretch  percentage  is  larger.  When  chemical  functionalization  is  added  to  this  process,  a 
ultra-high  tensile  strength  of  3081  MPa  and  Young’s  modulus  of  350  GPa  can  be  achieved 
because  of  higher  cross-linking  induced  by  functionalization.’’'^’'’ 


Figure  2.  Schematic  and  corresponding  SEM  images  of  mechanical  stretching  to  align  nanotubes  in  a 

random  MWCNT  sheet’ 


Recently,  Wang  et  al.  went  on  to  further  improve  the  method  using  a  matrix  spray  and  stretching 
apparatus,  which  resulted  in  record-high  strength  of(3.8  GPa,  Young’s  modulus  of  293  GPa, 
electrical  conductivity  of  1230  S/cm  and  thermal  conductivity  of  41  W/mK.  These  advances  are 
attributed  to  high  aspect  ratio,  high  volume  fraction,  high  alignment  and  lowered  waviness."'^ 
Also,  Li  et  al.  (Liang’s  group)  produced  modeling  results  of  the  stretch  method  on  the  degree  of 
alignment  using  X-ray  diffraction,  Raman  spectroscopy  and  electrical  measurements,  which 
show  the  structural  evolution  of  the  long  CNT  ropes  during  and  after  stretching.'* 
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1.3  Stretching  Behavior  of  CNT  Thin  Films 

While  many  methods  have  been  studied,  the  anisotropy  on  the  nanoseale  has  not  been  adequately 
modeled  or  understood  fully. In  this  study,  we  will  focus  on  the  fundamental  understanding  of 
deformation  mechanisms  of  CNT  networks  and  the  structure -property  relationships  of  the 
aligned  nanotube  network  at  different  deformation  stages  toward  achieving  high  degree  of 
alignment  and  developing  scalable  process. 

Our  research  showed  that  the  MWCNT  networks  can  be  modified  via  an  applied  uniaxial  strain 
of  up  to  40%  with  uncured  resin  impregnation  treatment  (the  resin  as  the  load  transfer  media)  to 
improve  alignment  and  packing  of  the  nanotubes. The  ductility  of  the  network  largely  relies  on 
the  high  aspect  ratio  of  millimeter  long  nanotubes,  high  waviness  and  locking  points  from 
residual  catalyst  nanoparticles  and  use  of  load  transfer  media.  The  original  random  network 
(supplied  by  Nanocomp  Technologies,  NH)  shows  low  density,  strength  and  modulus  and  only 
able  to  stretch  to  about  20-30%  strain  due  to  lack  of  ductility.  The  stretching  process  is  highly 
scalable  and  the  resultant  materials  have  great  potential  for  high-performance  composite 
applications. 

Figure  3  shows  the  microscale  evolution  of  the  CNT  networks  from  random  orientation  to  a 
densely  packed  microstructure  with  heavily  bundled  “ropes”  and  an  improved  alignment  degree 
in  the  horizontal  direction  -  the  direction  of  strain.  Figure  4  shows  the  stress-strain  responses 
during  the  stretching  process  of  both  the  neat  CNT  network  and  resin  impregnated  network. 
Once  the  uncured  polymer  materials  are  impregnated  to  the  neat  CNT  sheets,  an  identical 
procedure  for  applying  uniaxial  tensile  strain  of  the  neat  sheets  was  used.  Figure  4  shows  the 
treated  CNT  sheets  experienced  a  unique  stress  response  with  increasing  strain.  The  two  samples 
with  the  resin  treatment  not  only  were  able  to  withstand  strains  of  up  to  40%,  but  also  showed  a 
more  dramatic  necking  phenomena  which  suggests  increased  orientation  and  crystallization 
within  the  necking  region.  Figure  3  (f)  of  the  40%  stretched  resin  treated  CNT  sheet  shows  a 
dramatic  improvement  in  the  alignment  and  CNT  self-assembly  into  large  bundles. 
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Figure  3.  SEM  images  of  neat  (a-d)  MWCNT  networks  at  strains  of  0%  (a),  10%  (b),  20%  (c)  and  30% 
(d),  and  resin  treated  (e-f)  MWCNT  networks  at  strains  of  (e)  0%  and  (f)  40%.  The  strain  direction  in  all 

images  is  lateral 
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Strain  (%) 

Figure  4.  Typical  mechanical  stress/strain  curves,  and  sample  morphology  produced  by  the  MWCNT 
sheets  being  strained  to  10%,  20%,  and  30%  and  the  resin  treated  samples  strained  to  40% 


The  staged-strain  deformation  for  the  MWCNT  networks  was  further  studied  by  consecutively 
applying  stage  strains,  as  shown  in  Figure  5.  The  results  show  how  the  sample  of  neat  CNT 
network  was  initially  deformed  to  >20%  as  denoted  by  Neat  Stretch  #1.  When  the  same  pre¬ 
deformed  sample  was  strained  two  additional  times  -  denoted  by  Neat  Stretch  #2  and  #3  -  the 
force  dynamic  of  each  consecutive  strain  showed  a  two-stage  deformation  feature,  and  the  onset 
change  force  corresponded  well  to  the  previous  maximum  stretching  force.  It  was  interesting  that 
the  maximum  force  applied  aligned  with  the  next  deformation  transition  from  elastic  to  plastic 
deformation.  The  high  modulus  of  the  elastic  portion  enhanced  the  interactions  and  load  transfer 
among  CNTs  and  created  densely  packed  and  large  bundles  along  the  stretching  direction.  This 
microstructure  change  due  to  additional  alignment  and  self-assembly  of  CNTs  through 
supplementary  plastic  deformation  resulted  in  further  increases  in  the  tensile  strength  and 
modulus  with  each  additional  amount  of  strain  applied. 


1.4  Strain  Hardening  Estimation 

To  account  for  the  cross-sectional  area  decreasing  and  necking  of  CNT  networks,  true 
stress/strain  curved  were  created  based  on  the  experimental  results.  True  stress  {oj)  assumes 
material  volume  remains  constant  and  is  determined  by  the  instantaneous  load  acting  on  the 
actual  cross-sectional  area.^^  True  strain  {Sj  )  is  the  rate  of  instantaneous  increase  in  gauge 
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length.  The  following  equations  are  for  the  eonstant  volume  assumption,  true  stress  and  true 
strain: 


Figure  5.  Force-strain  curves  when  a  neat  CNT  network  sample  is  strained  over  20%  the  first  time, 
allowed  to  relax,  then  placed  back  on  the  tensile  machine  and  stretched  two  additional  sequential  times  of 
at  least  5%  strain.  Dashed  lines  represent  the  maximum  of  the  previous  strain  application  and  how  it 

corresponds  to  the  next  stage  of  stretch 


(1) 

a-r  =  (T£(1  -b  Ee) 

(2) 

Et  =  ln(l  +  Ee) 

(3) 

where  A  is  cross-sectional  area,  ■£  is  sample  gauge  length,  P  is  applied  load,  errand  Ee  are 
engineering  stress  and  strain,  respectively.^^  Figure  6  shows  the  true  stress-strain  curves  for 
stretching  the  neat  and  polymer  treated  samples.  A  high  percentage  in  deformation  resulted  in  a 
notable  characteristic  strain  hardening  increase  in  slope,^^  like  cold  worked  metals."^^  This  result 
indicates  the  stretching  process  also  straightens  the  bundles  and  ropes  of  CNTs,  resulting  in 
closer  packing,  which  reduces  voids  and  porosity,  thereby  improving  the  mechanical  properties 
and  minimizing  defects. 
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Figure  6.  True  stress/strain  curves  of  drawing  procedures  for  the  initial  strain  of  neat  CNT  and  resin 
treated  materials  from  Figure.  4  and  true  stress/strain  curves  for  re-straining  neat  CNT  material  from 

Figure.  5 


The  nano  tube  networks’  structural  evolution  and  stress-strain  behaviors  are  similar  to  those  of 
polymer  materials. The  stress-strain  behaviors  of  the  bilinear  elastic/plastic  deformation  of 
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the  networks,  as  shown  in  Figures  6,  were  similar  to  thermoplastie  polymers  during  the  drawing 
proeedure.  The  differenee  is  that  the  CNT  sheets  did  not  undergo  a  stress  reduetion  after  onset  of 
neeking,  eompared  to  typieal  polymer  stretehing  deformation.  This  is  mainly  due  to  dramatie 
inereases  of  CNT  alignment  and  assembled  into  large  bundles,  and  the  nanostrueture  of  the 
nano  tube  network  was  slightly  more  brittle  than  that  of  the  plastie  polymers.  The  response  of  the 
CNT  networks  ean  be  deseribed  as  a  eombination  of  the  cross-linked  brittle  polymer  and  the 
fibrillar  plastic  polymer  stretching  behaviors. The  mechanism  of  thermoplastic  deformation 
strengthening  is  that  the  alignment  and  crystallization  of  the  long  molecular  chains  increases 
toughness  and  strength  along  the  alignment  direction,  whereas  metal  drawing  has  the  strain 
hardening  mechanism. In  traditional  metal  strengthening,  cold  working  was  used  to  deform  the 
metal  below  the  recrystallization  temperature.^"^  Cold  working  involves  applying  a  stress  greater 
than  the  yield  stress  to  create  plastic  deformation  and  rearrange  microstructures.  In  our  study, 
repeating  the  procedure  resulted  in  higher  strength,  lower  ductility  and  brittle  behavior  of  the 
material  due  to  the  creation  of  CNT  crystalline  and  orientation  order  along  the  axial  direction,  as 
shown  by  Figure  5.  When  tensile  strain  was  applied  to  the  material  and  necking  commenced,  a 
complex  stress  distribution  and  concentration  were  induced  on  the  material,  and  the  true  stress- 
strain  curve  from  the  start  of  plastic  deformation  was  approximated  by  the  following 
relationship.^"^ 


(Jj'  — 


(4) 


(Jy  d  (Jy 

^  1 — 
Cl  E'j' 


(5) 


0  <  n  <  1 


(6) 


where  K  is  the  strength  coefficient  and  n  is  the  strain  hardening  parameter.  A  low  n  value 
corresponds  to  a  poor  response  to  cold  working.  A  greater  strength  in  metals  corresponds  to  a 
larger  number  of  dislocations  while  a  greater  strength  in  thermoplastic  polymers  denotes  a  long- 
range  order  and  crystallization  of  long  molecules  due  to  the  van  der  Waals  bonds  being  broken 
and  the  polymer  chains  being  dislocated. 

The  n  and  K  coefficients  of  the  CNT  network  deformation  were  computed  based  on  Figure  6  and 
are  shown  in  Table  1.  The  n  and  K  values  for  the  staged  strain  experiment  in  Figures  5  and  6 
show  that  most  of  the  CNT  morphology  reconstruction  occurred  in  the  first  -'20%  of  strain.  The 
resin  treated  sample’s  greater  alignment,  which  is  shown  in  Figure  3,  was  due  to  the  increase  of 
over  160%  for  n  values  and  over  200%  for  K  values  when  compared  with  neat  CNT  network.  A 
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similar  treatment  proeess  was  applied  to  the  Epon  and  Cytee  treated  CNT  networks  that  allowed 
for  greater  elongation  and  held  the  treatment  variations  as  negligible.  A  possible  reason  for  the 
different  resin  treated  samples  expressing  similar  n  values  would  be  that  both  resin  treatments 
allow  for  a  similar  degree  of  alignment,  loeking  angles  and  sliding  friction  between  the  CNTs 
that  caused  the  hardening  of  the  network.  For  FCC  metals,  the  n  value  is  roughly  0.5,  where  the  n 
value  for  BCC  metals  is  roughly  0.15.  Table  2  shows  the  typical  n  and  K  values  for  some 
materials. The  n  values  when  the  neat  CNT  material  was  re-stretched  is  comparable  to  BCC 
metals  outperforms  that  of  the  baseline  polycarbonate.  The  polymer  treated  strain  hardening 
values  were  above  that  of  FCC  metals,  which  showed  an  intense  response  to  stretching 
deformation  due  to  the  unusual  strong  self-assembly  nature  of  CNTs.^^ 

Table  1.  Strain  hardening  parameters  for  CNT  networks  straining  tested  in  this  work 


CNT  Network  Type  and  Strain  % 

n 

K  (MPa) 

Neat  CNT  -  Initial  strain  to  23% 

0.49 

162.03 

Neat  CNT  -  Re-strain  1  to  30% 

0.22 

310.84 

Neat  CNT  -  Re-strain  2  to  35% 

0.19 

460.58 

Epon  Treated  CNT  -  Strain  to  40% 

0.63 

272.83 

Cytee  Treated  CNT  -  Strain  to  40% 

0.65 

304.78 

Table  2.  Strain  hardening  parameters  for  common  materials^ 


Material  Type 

n 

K  (MPa) 

4340  Steel  Alloy  (tempered  at  3 15  °C) 

0.12 

2650 

AZ-3  IB  Magnesium  Alloy  (annealed) 

0.16 

450 

2024  Aluminum  Alloy  (heat  treated  -  T3) 

0.17 

780 

Low-earbon  Steel  (annealed) 

0.21 

600 

Naval  Brass  (annealed) 

0.21 

585 

304  Stainless  Steel  (aimealed) 

0.44 

1400 

Copper  (annealed) 

0.44 

530 

Polyearbonate 

0.15 

10 

14 


DISTRIBUTION  A:  Distribution  approved  for  pubiic  reiease 


1.5  Multiple  Deformation  Modes  of  CNT  Networks 


1.5.1  Deformation  due  to  elongation  and  lowered  waviness 

For  this  mode  of  the  network’s  deformation,  during  the  applieation  of  uniaxial  strain,  the 
individual  nanotubes  and  their  bundles  undergo  uniaxial  stress  at  each  end  and  become  straighter 
and  aligned  to  the  stress  vector.'*  Raman  shift  measurements  of  the  G-band  peak  are  known  to 
reveal  the  orientation  of  the  nanotubes. The  measurements  show  that  the  scattering  signal 
was  polarized  along  the  oriented  nanotube  axis.  Although  the  Raman  measurements  were  limited 
to  the  surface  of  the  material  to  ~50  nm  surface  depth  (approximately  1015  nanotube  layers),  the 
measurements  can  be  considered  representative  of  strain-induced  orientation  of  the  nanotubes 
throughout  the  material. The  polarized  Raman  spectra  was  measured  first  with  the 
polarization  parallel  to  the  strain-oriented  direction  (0  =  0°)  then  perpendicular  to  the  strain- 
oriented  direction  (0  =  90°).  The  G-band  intensity  ratios  between  the  two  directions  were 
calculated,  as  shown  in  Figure  7.  The  increase  in  the  degree  of  alignment  as  the  strain  percentage 
increased  shows  that  as  the  network  was  plastically  deformed,  the  surface  nanotubes  were  more 
aligned  and  showed  a  polarized  response  in  direction  of  alignment.  Both  the  neat  CNT  and 
polymer  treated  CNT  networks  showed  good  alignment  response  in  the  Raman  intensity 
ratio/alignment  degree  calculations.  However,  the  polymer  treated  sample  was  able  to  achieve  a 
higher  alignment  response  at  the  same  deformation  levels,  as  shown  in  Figure  4. 


(a) 


Untreated  30%  Stretch 


(b) 


Polymer  T reated  40%  Stretched 


Figure  7.  Raman  spectroscopy  measurements  for  (a)  untreated  CNT  network  at  30%  strain,  (b)  polymer 
treated  CNT  network  at  40%  strain,  and  (c)  alignment  degree  (denoted  as  a  fraction)  calculated  from  G- 
band  intensity  ratios  along  parallel  and  perpendicular  polarizations  to  the  stretching  direction 
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1.5.2  Sliding  friction  along  parallel  nanotubes  leading  to  straight  CNTs  and  re-assembly  into  big 
bundles 

The  sliding  friction  mode  under  tension  for  the  CNTs  under  tensile  strain  is  the  axial  translation 
of  individual  nanotubes  and  nanotube  bundles  in  proximity  close  enough  to  activate  friction 
forces.  This  mode  of  tension  is  most  prominent  at  about  20%  strain  in  the  neat  CNT  network,  as 
shown  in  Figure  8.  The  nano  tubes  that  were  once  perpendicular  to  the  axis  of  orientation  are  now 
closer  to  being  oriented  parallel  to  the  tensile  direction.  This  change  in  orientation  causes  friction 
between  unoriented  perpendicular  nanotubes  and  also  between  co-oriented  parallel  nanotubes. 
Alignment  of  ajacent  small  bundles  self-asemblied  into  large  bundles  or  crystalline  bundles,  as 
shown  in  Figure  8. 


Figure  8.  SEM  images  of  neat  MWCNT  (a)  and  polymer  treated  MWCNT  (b)  networks  at  a  20%  strain. 

Arrows  indicate  strain  direction 

1.5.3  De-bundling  and  hook  stretching  to  align  CNTs 

Additional  tension  occurred  due  to  bundles  of  CNTs  either  releasing  from  a  bundle  or 
reassembling  into  another  bundle.  This  was  most  evident  through  examining  SEM  images  and 
estimating  bundle  size.  From  Figure  9  shown  in  red  squares,  the  loose  bundle  in  (a)  was  a 
diameter  of  ~2  pm,  while  the  bundle  in  (b)  had  a  diameter  of  ~1  pm.  This  reduction  in  bundle 
size  is  contributed  to  the  nanotubes  being  peeled  from  the  bundle  and  the  nanotubes  becoming 
more  intertwined  to  form  large  aligned  bundles.  The  polymer  treated  sample  showed  the  de¬ 
bundling  mechanism,  as  seen  in  the  change  from  (c)  to  (d).  However,  the  bundles  experienced  a 
more  predominant  bundle  sliding  and  relaxation  rather  than  tightening.  The  stress  leads  to  the  de- 
bundled  alignment  along  the  stretching  direction. 

While  hooked  CNTs/CNT  bundles  accounted  for  a  small  portion  of  the  stress,  the  ultra-long 
nature  of  the  individual  CNTs  resulted  in  a  hook  behavior.  This  characteristic  is  the  planar  form 
of  the  self-folded  morphology  shown  in  CNT  fibers,  as  shown  by  Lu  and  Chou.^^  The  hook  tail 
diameter  was  shown  to  be  inversely  proportional  to  the  amount  of  stress  needed  to  modify  the 
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network,  as  shown  in  Figure  9.  Due  to  high  flexeablility  of  CNTs,  under  the  tension  stress,  the 
hooked  or  catalyast  locked  CNTs  can  well  be  aligned  along  the  stretching  direction. 


Figure  9.  Entanglement  modeling  of  open  folded  CNT  stress  as  stress  is  applied  to  tail  ends  of  CNTs 
1.5.4  Self-assembly  and  packing 

The  individual  nanotubes  and  bundles  came  closer  together  due  to  the  van  der  Waals  attraction 
and  reassembled  into  larger  bundles  to  form  a  denser  network.  The  densification  of  the  CNT 
networks  resulted  in  a  better  load  transfer  from  a  decrease  in  void  content  and  activation  of 
strong  van  der  Waals  interaction  between  individual  nanotubes.  Figure  9  also  shows  the  extreme 
densification  of  the  bundles  that  occurred  between  20%  and  30%  strains.  Figure  9  shows  that  the 
ropes  formed  in  the  30%  strain  sample  were  larger  than  the  looser  ropes  in  the  10%  sample.  This 
formation  of  the  large  rope  structure  is  the  key  to  strengthening  the  nanostructure  by  improving 
load  transfer  between  nano  tubes.  More  than  30%  reduction  in  width  at  the  30%  strain  also 
reflects  the  dense  packing  as  shown  in  Figure  10.  The  shiny  surface  morphology  seen  in  Figure 
11(a)  illustrates  a  similar  optical  phenomenon  to  the  Raman  measurements  with  increasing 
reflectivity  correlated  to  increasing  nanostructure  alignment.  The  resin-treated  40%  strained 
sample  showed  less  optical  reflection  than  the  30%  untreated  sample.  While  the  density  of  the 
resin-treated  40%  sample  was  higher  than  that  of  the  30%  untreated  sample,  the  treatment  and 
purifying  stages  needed  for  the  resin-treated  sample  caused  the  surface  to  show  less  reflection. 
Figure  11  shows  how  the  strain  process  increases  the  nanotube  density  of  the  network  by 
observing  cross  sectional  nanotube  packing  from  10%  to  40%  strain  elongation  of  a  polymer 
treated  and  purified  sample. 
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Figure  10.  SEM  images  of  Neat  MWCNT  networks  at  strains  of  20%  (a),  30%  (b).  Polymer  treated  20% 
(c)  and  40%  (d).  Red  reetangles  indieate  CNT  ropes  that  show  a  different  amount  of  individual  nanotubes 
in  large  bundles  for  different  strains.  Blue  squares  indieate  bundle  size  and  assembly  changes.  Green 
squares  indicate  defects  and  residual  catalyst  nanoparticles 
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Figure  11.  Surface  morphology  of  stretched  neat  MWCNT  networks  with  0%,  10%,  20%,  30%  and  40% 
strains  (a).  SEM  cross-section  images  showing  material  density  of  MWCNT  networks  at  strains  of  10% 

(b),  20%  (c),  30%  (d)  and  40%  (e) 

1.5.5  Catalyst  locking  of  CNTs  to  enhance  load  transfer  during  stretching 

In  the  MWCNT  sheet  materials  as  they  were  manufactured,  significant  amounts  of  residual 
catalyst  nanoparticles  were  found.  This  mode  of  tension  deformation  accounts  for  the  individual 
nanotubes  and  nanotube  ropes  dragging  and  pulling  over  the  imperfections  during  stretching.  As 
seen  in  Figure  10,  the  nanotube  bundles  in  the  neat  sample  in  (a)  and  the  nanotube  ropes  in  (b) 
were  pulling  and  entangling  with  the  catalyst  nanoparticle  as  indicated  by  the  green  squares. 
Another  important  phenomena  occurring  was  the  creation  of  a  locking  angle  between  CNTs.  The 
locking  angle  was  formed  by  the  catalyst  intersection  point  between  CNTs  causing  a 
simultaneous  imperfection  and  assistance  for  strain  relaxation.  The  dragging  friction  was  also  a 
cause  of  failure  in  the  networks  due  to  possible  stress  concentration  at  the  locking  points.  The 
dramatic  increase  in  catalyst  and  various  particles  in  the  polymer  treated  samples  in  (c)  and  (d) 
indicates  how  the  adhesion  of  the  polymer  particles  on  the  nanotube  locking  points  causes  a 
better  alignment  during  stretching  deformation. 
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1. 6  Large  Stretching  Strain  for  High  Degree  of  CNT  Alignment 

With  the  further  improvements  of  the  stretehing  proeess,  the  CNT  networks  impregnated  with 
BMI  and  epoxy  resin  systems  ean  be  stretehed  up  to  80%  strain  without  breaking.  As  seen  in  the 
SEM  images  in  Figure  12,  the  degree  of  alignment  of  the  CNT  sheet  ean  be  dramatieally 
improved  with  the  resin- assisted  stretehing.  High  degrees  of  alignment  were  apparent  in  both  the 
60%  and  80%  stretehing  strain  eases  in  Figure  11;  however,  there  was  an  apparent  lowered 
waviness  with  the  80%  ease  due  to  self-assembly  and  CNT  sliding. 


Figure  12.  SEM  images  of  60%  strain  stretched  buckypaper  with  BMI  resin  treatment  (a)  and  80%  strain 

stretched  buckypaper  with  BMI  resin  treatment  (b) 


The  meehanism  of  strain  strengthening  in  CNT  networks  was  previously  diseussed.  By 
eontrolling  the  viseoelastie  properties  of  the  applied  resins  to  enhanee  load  transfer,  we 
sueeessfully  aehieved  sueh  high  stretehing  strain  to  realize  a  high  degree  of  CNT  alignment. 
Similarly,  the  metries  for  strain  hardening  n  were  ealeulated  using  the  true  stress/true  strain 
eurves  from  the  stretehing  proeedure,  as  shown  in  Figure  13(a).  The  alignment  degree  was 
ealeulated  based  on  Raman  speetrum  results  from  the  resultant  fdms  as  previously  diseussed. 
The  strain  hardening  parameter,  n,  was  shown  to  have  a  positive  eorrelation  with  the  alignment 
degree,  as  shown  in  Figure  13(b).  The  new  strain  hardening  n  values  for  the  60%  and  80%  strain 
stretehed  thin  films  were  eomparable  to  those  of  traditional  materials  in  Figure  13(e),  and  the 
BMI  treated  80%  stretehed  CNT  film  showed  a  strain  hardening  parameter  of  more  than  80% 
higher  than  that  of  traditional  metals. 
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Figure  13.  True  Stress/True  Strain  curves  for  stretching  the  BMI  (to  60%  and  80%  strain)  and  Epoxy 
treated  CNT  materials  to  60%  (a),  the  resultant  strain  hardening  parameter  n  vs.  the  alignment  degree  and 
the  fitted  model  (b),  and  the  resultant  strain  hardening  parameter  n  for  various  metals  (black  bars), 
polymer  (blue  bar)  and  the  BMI  and  epoxy  treated  CNT  materials  (red  bars)  (c) 


1. 7  Development  of  Scalable  Stretching  Process 

Our  unique  and  patented  stretching  method^*’’^^  was  scaled  to  a  continuous  process  to  potently 
accelerate  technical  transfer  into  real-world  engineering  applications.  Figure  14  demonstrates 
large  and  stable  plastic  deformation  after  uncured  resin  (load  transfer  media)  treated  CNT 
networks,  and  transforming  random  CNT  networks  into  10-foot  long  tapes  of  aligned  CNTs 
achieved  by  our  proprietary  continuous  stretching  process.  We  also  successfully  produced  and 
provided  these  continuous  tape  materials  of  highly  aligned  CNTs  to  industrial  and  government 
programs. 
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Figure  14.  Scalable  mechanical  stretching  process  to  produce  a  10-foot  long  highly  aligned  CNT  tape 

sample 

1.8  Characterization  of  Degree  of  CNT  Alignment 

To  better  understand  CNT  alignment  and  packing  changes  under  stretching,  we  studied  CNT 
network  microstructure  changes  under  tensile  strains  using  in-situ  X-ray  and  Raman  scattering 
techniques. Specifically,  in-situ  X-ray  experiments  were  able  to  monitor  relatively  large 
sample  areas  (up  to  10x10  mm^),  which  is  valuable  for  discovering  the  uniformity  of 
microstructures  of  CNT  networks,  as  shown  in  Figure  15.  The  results  show  that  the  process  of 
stretch-induced  alignment  of  CNT  networks  resulted  in  straightening  the  waviness  of  the  long 
nanotube  bundles,  self-assembling  and  denser  packing  of  the  nanotubes  into  graphitic  crystal 
structures  or  large  bundle  assemblages.  In  Figure  15,  the  evolution  of  the  anisotropy  of  the 
stretch-aligned  network  can  be  clearly  observed  from  the  arc-shaped  (002)  peak  as  the  strain 
increased.  This  dramatic  intensity  increases  the  close-packing  (CP)  peak  at  the  lower  angle  of  5° 
<  20  <  8°  indicating  the  formation  and  growth  of  long-range  order  of  graphitic  crystals.^®  Both 
Raman  and  X-ray  analysis  were  used  to  detect  and  quantify  degrees  of  alignment  of  CNTs  in 
materials."^’^^’^^’^^"^^ 
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Figure  15.  Microstructure  evolution  of  CNT  network  under  tensile  strain:  1)  (a)-(d)  showing  X-ray 
intensity  due  to  both  alignment  and  close-packing  increase  of  CNT  networks  under  different  tensile 
strains;  2)  the  carton  drawings  showing  change  of  both  waviness  and  formation  of  closed-packing  big 
bundles  of  CNTs  during  stretching,  and  the  SAXS  results  indicting  the  formation  of  highly  anisotropic 

graphitic  crystal  during  stretching 

For  this  study, we  used  the  randomly  oriented  CNT  sheets  supplied  by  Nanocomp 
Technologies  Inc.  (Concord,  NH).  The  CNT  sheets  or  networks  (NTN)  were  cut  into  rectangular 
shapes  of  1x4  cm^.  The  samples  (2  cm  in  gauge  length)  were  mounted  onto  an  Anton  Paar  TS- 
600  tensile  stage,  which  allowed  the  in-situ  investigations  of  the  straining  process  using  both  X- 
ray  (Figure  16a)  and  polarized  Raman  scattering  techniques  (Figure  16b).  The  TS-600  stage  has 
a  window  of  15x15  mm^,  which  allows  the  X-ray  beam  to  impinge  on  the  sample.  However, 
when  used  inside  the  micro-Raman  system,  the  laser  beam  was  not  limited  to  this  scope  as  the 
stage  was  mounted  with  the  sample  facing  the  objective  lens. 
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Figure  16.  Experimental  setup  for  the  in-situ  characterization  of  the  CNT  network  (NTN)  structural 
evolution  during  stretching:  (a)  The  TS-600  tensile  stage  installed  inside  the  sample  chamber  of  the 
Bruker  Nanostar  system;  (b)  The  TS-600  stage  mounted  on  a  Leica  manual  two-dimensional  XY  stage 
inside  the  sample  chamber  of  the  Renishaw  inVia  micro-Raman  system 


The  small  angle  X-ray  seattering  (SAXS)  and  wide  angle  X-ray  diffraetion  (WAXD) 
measurements  were  performed  on  a  Bruker  NanoSTAR  system  with  an  Ineoatec  IpS  mierofoeus 
X-ray  source  operating  at  45  kV  and  650  pA.  The  primary  beam  was  collimated  with  cross- 
coupled  Gobel  mirrors  and  a  pinhole  of  0.1  mm  in  diameter,  providing  a  Cu  Ka  radiation  beam 
(A,  =  0.154  nm)  with  a  beam  size  about  0.15  mm  in  full  width  half  maximum  (FWHM)  at  the 
sample  position.  The  small-angle  scattering  intensity  was  measured  on  a  two-dimensional 
multiwire  Hi-STAR  detector.  The  wide-angle  diffraction  intensity  was  captured  by  a  Fuji  Photo 
Film  image  plate  and  read  with  a  Fuji  FLA-7000  scanner.  The  in-situ  Raman  spectroscopic 
characterization  was  carried  out  on  a  Renishaw  inVia  micro-Raman  system  using  a  785  nm 
excitation  wavelength  (1.58  eV)  diode  laser.  Typical  laser  power  was  0.5  mW  with  a  50x 
magnification  objective  lens,  and  the  laser  beam  size  was  around  10  pm.  Polarized  Raman 
spectra  were  obtained  in  the  VV  configuration.  In  order  to  characterize  the  inhomogeneity  of  the 
NTNs,  an  adaptor  was  custom  made  to  carry  the  TS-600  tensile  stage  on  a  manual  Leica  two- 
axis  stage  in  the  Renishaw  system.  The  mapping  was  then  obtained  from  repeated  Raman 
measurements  on  the  sample  at  3  mm  intervals  along  the  stretch  direction  and  2  mm  intervals  in 
the  normal  direction. 

As  shown  in  Figure  15,  as  the  strains  increased,  most  of  the  stretched  network  would  align  along 
the  preferred  axis,  with  the  exception  of  the  ropes  on  the  edges  that  started  to  crack  and  deviated 
from  the  preferred  orientation.  Compared  to  the  alignment  of  shorter  CNTs  in  strong  magnetic 
fields  where  the  tubes  are  rotated  to  change  their  orientations  toward  the  preferred  axis,^^ 
stretching-induced  alignment  of  long  CNT  ropes  is  a  fundamentally  different  process  in  which 
the  tubes  are  aligned  through  straightening  the  waviness  and  growth  nanotube  bundle  size  of  the 
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spaghetti-like  long  ropes  showing  with  the  SEM  images  and  carton  drawings.  This  mechanism 
was  in  agreement  with  our  observations  in  Figures  3,  11  and  12,  as  well  as  the  discussions  in 
previous  stretching  sections.  However,  considering  the  factors  of  inhomogeneity  in  alignment, 
limited  laser  beam  size  and  penetration  depth  of  Raman  scattering,  and  layered  structure  of  the 
NTNs,  an  approach  that  is  able  to  characterize  the  aligned  fraction  of  the  long  nanotube  networks 
in  macroscopic  dimensions  must  be  further  explored.^* 

Due  to  large  variation  and  inhomogeneity  of  CNT  networks  during  deformation,  as  shown  in 
Figures  15  and  17,  we  used  a  data  fitting  process  to  more  accurately  calculate  the  aligned 
fraction  (AR)  of  CNT  oriented  along  the  stretching  direction.'^^’^° 
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where  Ar  is  aligned  fraction  and  a  is  the  Gaussian  standard  deviation  (equivalent 
FWHM=cr V 2ln2  ).  Two  Raman  orthogonal  measurements  at  0  =0  and  nil  provide  a  ratio  that 
depends  on  both  a  and  Ar.  If  a  is  small,  l(0)/l(7i/2)  gives  a  zero-order  estimate  of  AR.  Since  the 
Raman  intensity  was  less  sensitive  to  out-of-plane  than  in-plane  misalignment  when  the 
polarized  measurement  was  done  in-plane,  the  FWHM  value  was  fixed  at  11.5”,  as  found  in  the 
WAXS  data.  The  best  estimate  of  AR  was  0.93  for  the  80%  strain-stretched  samples,^®  as  shown 
in  Figure  17.  This  is  a  higher  degree  of  alignment  of  CNTs  than  any  previously  reported  in  the 
literature  and  comparable  to  high  strength  carbon  fiber  materials.^^’^^  Such  a  high  degree  of 
alignment  and  transformation  of  CNT  network,  as  shown  in  Figure  18,  are  essential  to  achieve 
high  mechanical  properties  in  CNT  assemblages  and  their  composites.  Through  those  efforts,  we 
gained  a  significant  fundamental  understanding  of  CNT  network  evolutions,  detailed  alignment 
and  packing  properties  of  the  networks. 


Figure  17.  WAXS  patterns  of  a  randomly  oriented  sample  (a),  40%  stretched  aligned  sample  (b),  and  80% 
stretched  sample  (c),  and  80%-stretched  samples  with  BMI  treatment  at  the  (002)  crystal  plane  20°  <  20  < 
30°  and  the  close-packing  peak  (CP)  5°  <  20  <  8°  as  well  as  0°/90°  Raman  G-band  ratio,  and  estimated 
aligned  fraction  (AR)  values  for  60%  and  80%  strain  stretched  samples 

25 


DISTRIBUTION  A:  Distribution  approved  for  pubiic  reiease 


2,  Failure  Modes  and  Geometrically  Constrained  Self-assembly  and  Graphitic  Crystal 
Packing  of  Flattened  and  Aligned  Carbon  Nanotubes 

While  the  mechanical  properties  of  highly  aligned  carbon  nanotube  (CNT)  thin  films  and  their 
nanocomposites  have  been  widely  studied,  the  load  transfer  mechanisms  and  failure  modes  of 
aligned  CNT  materials  and  their  composites  have  not  been  sufficiently  explored  and  understood. 
In  this  research,  super-aligned  CNT  thin  films  of  80%  stretching  strain  with  a  measured 
alignment  fraction  of  up  to  0.93,  as  discussed  in  Section  1.8,  were  used.  Atomic  resolution 
transmission  electron  microscopy  (TEM)  analysis  revealed  unusual  CNT  crystal  packing  and 
permitted  the  observation  of  interesting  structural  features  of  the  CNTs  and  their  assemblages, 
including  collapsing,  flattened  packing,  preferred  stacking,  folding  and  twisting  phenomena,  as 
well  as  CNT  pullouts  from  bundles  and  the  resin  matrix. The  large  surface-to-surface  contact 
areas  between  aligned  and  flattened  nano  tubes,  driven  by  van  der  Waals  interactions,  gave  rise  to 
a  high  density  packing  of  the  flattened  CNTs  in  the  nanocomposite,  resembling  a  graphitic 
material.  Molecular  dynamics  (MD)  simulations  through  collaboration  with  a  NASA  research 
team^^  were  performed  to  model  the  packing  structure  and  understand  the  dependence  of  density 
on  the  relative  content  of  flattened  nanotube  and  void  space.  The  modeling  results  support  the 
conclusions  drawn  from  the  experimental  observations  as  well  as  the  alignment  mechanisms 
discussed  in  Sections  1.5,  1.6  and  1.8. 

2.1  TEM  and  SEM  Experiments 

In  this  research,  TEM  images  were  taken  using  the  JEM-ARM200cE  (A  Sub-Angstrom  Cs 
Corrected  Transmission/Scanning  Transmission  Electron  Microscope  from  JEOE)  at  80  kV  to 
study  in  detail  the  nanostructures  and  CNT/CNT  and  CNT/resin  interfaces.  The  TEM  samples 
were  prepared  by  peeling  and  cutting  the  failure  areas  from  failed  tensile  specimens  and  placing 
them  on  TEM  mesh  grids.  The  SEM  analysis  was  conducted  using  a  JEOE  740IE  SEM. 

2.2  CNT  Network  Transformation 

Randomly  oriented  CNT  sheets,  shown  in  Eigures  18  (a,  b),  were  mechanically  stretched  to  an 
80%  strain  to  achieve  a  high  degree  of  alignment.  Eigures  I(c,  d)  show  the  highly  aligned  CNTs 
and  the  substantially  enlarged  bundles  that  resulted  from  CNT  self-assembly  after  the  stretch 
processing,  as  discussed  in  Section  1.8.  The  resulting  highly  aligned  sheets  were  impregnated 
with  a  BMI  resin  solution  to  make  CNT/BMI  nanocomposites  with  5060  wt%  of  for 

mechanical  and  TEM  analysis. 
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Figure  18.  Surfaces  of  the  as-received,  randomly  oriented  CNTs  with  residual  catalyst  at  x  10,000 
magnification  (a)  and  x50,000  magnification  (b),  and  highly-aligned  80%  strain-stretched  films  at 
X  10,000  magnification  (c)  and  x  100,000  magnification  (d) 

The  tensile  strength  of  the  80%-stretehed  aligned  CNT/BMI  nanoeomposite  speeimens  was 
699.47±1 1.68  MPa  with  a  Young’s  modulus  of  91.90±9.05  GPa  along  the  aligned  direetion.  The 
eorresponding  values  for  a  nanoeomposite  made  with  the  as-reeeived,  unaligned  CNT  sheet  were 
392.68±57.78  MPa  and  24.02±6.16  GPa  for  the  tensile  strength  and  Young’s  modulus, 
respeetively.  The  signifieant  improvements  observed  in  the  tensile  properties  of  the  CNT/BMI 
nanoeomposites  made  with  oriented  CNT  sheets  indieate  improved  load  transfer  between  the 
CNT  assemblies  in  the  axial  direetion. 


2,3  CNT  Network  Failure  Mode 

The  failure  modes  observed  in  eonventional  earbon  fiber  reinforeed  eomposites  provided  a  useful 
starting  point  from  whieh  to  understand  the  aligned  CNT  nanoeomposites  studied  in  this  work. 
Failure  of  unidireetional  earbon  fiber  (67  pm  in  diameter)  reinforeed  eomposites  under 
longitudinal  tensile  load  oeeurs  by  three  typieal  modes:  (1)  brittle  fraeture  of  fibers,  (2)  brittle 
fraeture  of  fibers  with  pullout,  and  (3)  fiber  pullout  with  fiber-matrix  debonding. Usually  no 
earbon  fiber  deformation  observed  after  eomposite  failure.  In  eontrast,  aligned  CNT 
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nanocomposites  frequently  have  teleseoping  failure  modes  and  their  tensile  properties  and  failure 
modes  are  governed  by  eomplex  nanotube/nanotube  and  nanotube/resin  interactions.^® 

Figure  19  shows  the  failure  surfaee  of  an  aligned  CNT/BMI  composite.  In  this  image,  a 
progressive  teleseoping  CNT  pullout  -  beginning  with  a  large  width  of  the  fdm  and  tapering  to 
several  small  bundles  of  CNTs  -  can  be  seen.  The  morphology  reveals  extensive  CNT  pullout 
from  the  matrix,  indicating  a  non-brittle  fracture.  In  eonventional  earbon  fiber  reinforeed 
composites,  the  load  transfer  between  the  liber  and  matrix  arises  primarily  from  covalent 
bonding  between  the  liber  and  matrix  and  from  frietion  caused  by  liber  surfaee  roughness  due  to 
surfaee  treatment  and  sizing. Fiber-matrix  interaetions  are  eritieal  in  these  eomposites  sinee 
there  is  no  notieeable  direet  load  transfer  between  the  earbon  libers.  In  eontrast,  the  CNT  pullout 
failure  mode  seen  in  CNT  eomposites  suggests  that  mueh  weaker  interfaeial  interaetions  exist 
between  CNT  bundles  and  the  resin  matrix  and  that  direet  load  transfer  between  CNTs  is  playing 
a  eritieal  role  for  the  failure  modes.  Figure  19(a)  shows  the  layered  strueture  that  resulting  from 
separation  between  layers  during  tensile  loading  and  the  gradual  failure  of  large  bundles.  This 
layered  failure  mode  indieates  weak  bonding  and  load  transfer  between  different  aligned  CNT 
layers  and  is  reminiseent  of  the  delamination  failure  mode  that  oeeurs  between  plies  in  a 
eonventional  earbon  fiber  eomposite.  Figure  19(b)  shows  the  typieal  teleseoping  failure  at  the 
fraeture  surfaee  that  leads  to  the  CNT  pullout  at  the  tips.  This  type  of  CNT  pullout  structure  was 
frequently  observed  in  this  work,  indicating  a  CNT-matrix  debonding  failure  mode  and 
suggesting  the  CNT  bundles  aggregate  and  self-assemble  during  the  failure  proeess. 

Figure  19(e)  shows  the  folding  of  CNTs  and  CNT  bundles  that  results  from  an  elastic  spring- 
back  of  the  nanotubes  after  meehanieal  failure  of  the  composite.  This  indicates  that  some  load 
transfer  was  oeeurring  between  the  CNTs  and  the  matrix,  though  elearly  not  enough  to  break  the 
nanotubes.  Figure  19(d)  shows  a  failure  mode  in  the  aligned  CNT  eomposite,  also  frequently 
observed  in  unidirectional  carbon  fiber  reinforeed  composites,^^’^^  in  whieh  a  erack  propagates 
along  the  alignment  direetion  and  results  in  a  separation  between  bundles.  Again,  this  failure 
indieates  inadequate  load  transfer  between  the  reinforcement  and  resin  matrix. 
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Figure  19.  Major  failure  modes  of  the  aligned  CNT/BMI  composite:  (a)  gradual  angled  failure  and 
layered  separation,  (b)  triangular  telescoping  failure  and  CNT  pullouts,  (c)  CNT  pullout  and  folding,  and 
(d)  aligned  bundle  separation  in  the  perpendicular  direction 


2.4  CNT  Collapse  and  CNT/Resin  Interface 

TEM  analysis  was  used  to  study  the  structures  of  individual  CNTs  and  their  bundles  at  the 
atomic  scale.  The  TEM  images  in  Eigure  20  were  taken  by  focusing  the  tips  of  the  CNT  bundles 
to  further  explore  the  interface  and  nanotube-to-nanotube  interactions.  Eigure  20(a)  shows  well- 
aligned  and  broken  CNT  bundles  that  have  separated  into  multiple  small  bundles.  Eigures  20(a, 
b)  show  that  some  resin  remained  on  the  surface  of  the  collapsed  CNTs  after  fracture,  which 
indicates  that  relatively  good  resin/matrix  impregnation  and  adhesion  were  achieved  during 
composite  fabrication.  This  is  an  encouraging  result  since  resin  impregnation  of  highly  aligned 
nanotube  samples  is  typically  difficult  to  achieve.  As  the  CNT  density  and  bundle  size  increased 
with  alignment,  the  availability  and  accessibility  of  porosity  decreased,  making  production  of 
well-wetted  composites  progressively  more  difficult.^'^’^^ 
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Figure  20.  TEM  images  of  (a)  CNT  bundle  separation  and  resin  adhesion,  (b)  eollapsed  CNT  stack  sliding 
with  resin  at  the  CNT  surface,  (c)  diameter  dependent  CNT  collapse,  (d)  varied  degrees  of  CNT  collapse 

in  an  aligned  stacking 

Figure  20(b)  clearly  shows  the  flattened  shape  taken  by  the  CNTs  that  have  been  pulled  out  of 
the  composite.  This  has  also  been  referred  to  as  a  ‘dog-bone ’-type  collapse  in  the  literature  and 
linked  to  improved  mechanical  performance  because  of  its  similarity  to  graphitic  carbon.^^  CNT 
bundle  sliding  is  evident  where  multiple  CNTs  are  seen  at  varied  angles  to  the  preferred  axis, 
where  they  are  joining  as  one  bundle  via  a  sliding  phenomenon.  Elliott  and  coworkers  showed 
that  single -walled  CNTs  with  a  diameter  greater  than  4.2  nm  were  unstable  with  respect  to  a 
flattening  collapse,’^  though  nanotubes  with  multiple  walls  would  be  expected  to  have  larger 
critical  diameters.  Figure  20(c)  shows  that  within  the  same  stack  of  aligned  and  bundled 
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MWCNTs,  the  larger  diameter  nanotubes  -  about  10  nm  in  this  ease  -  fully  eollapsed  while 
smaller  diameter  tubes  remained  eylindrieal.  Figure  20(d)  shows  that  nanotubes  of  intermediate 
diameters  partially  eollapsed  and  eonformed  to  the  fully  eollapsed  larger  diameter  nanotubes. 
These  new  observations  are  in  agreement  with  previous  modeling  results. Sinee  the  synthesis 
method  used  to  produee  the  nano  tubes  for  this  projeet  tended  to  result  in  6-10  nm  diameter 
nano  tubes,  a  signifieant  majority  of  the  nano  tubes  observed  in  the  TEM  images  were  flattened. 
Produetion  methods  yielding  nanotubes  of  smaller  average  diameter  would  exhibit  a  larger 
population  of  eylindrieal  tubes. 

2,5  Geometrically  Constrained  Self-assembly  and  Graphitic  Crystal  Microstructure 

Dramatie  inereases  in  CNT  alignment  and  volume  fraetion  are  two  of  the  key  requirements  that 
must  be  met  before  the  goal  of  taking  optimal  advantage  of  CNT  meehanieal  properties  in  a 
nanoeomposite  material  ean  be  aehieved.  Considering  this,  it  is  diffieult  to  overstate  the 
signifieanee  of  the  graphitie  crystal  packing  microstructures  shown  in  Figure  20,  and  in  previous 
work  by  others. Developing  an  understanding  of  and  an  ability  to  control  the  size  and 
morphology  of  these  bundles  of  flattened  and  aligned  CNTs  would  represent  an  important  step 
towards  the  goal  of  tailorable  nanoeomposite  materials.  Some  important  work  in  this  direction 
has  already  been  done  with  analytical  modeling  and  molecular  simulation;^^  however, 
experimental  imaging  is  also  of  critical  importance.  Thus,  additional  TEM  image  analysis,  as 
shown  in  Figure  21,  was  conducted  to  further  investigate  this  phenomena. 

Figures  21  (a,  b)  show  several  relatively  large  domains  of  approximately  20  flattened  ‘dog-bone’ 
CNTs  stacked  into  a  graphite-like  structure.  The  bundles  were  aligned  in  the  stretching  direction 
of  the  CNT  paper  used  to  make  the  composite.  A  visible  coating  of  BMI  polymer  on  the  external 
surfaces  of,  and  in  some  cases  between,  the  stacked  bundles  was  observed.  Also  notable  in  these 
images  is  the  consistency  in  nano  tube  diameters  within  each  stack,  which  is  shown  in  Figure 
21(c),  where  a  transition  from  a  stack  of  large  diameter  nanotubes  (blue  outline)  to  a  stack  of 
medium  diameter  nanotubes  (red  outline),  rather  than  an  intermixing  of  the  two  sizes,  can  be 
seen.  Segregating  the  nanotubes  by  size  in  this  manner  had  the  effect  of  maximizing  the 
interfacial  adhesion  between  the  nanotubes  while  minimizing  defects  in  the  packing 
arrangement.  In  a  continuous  range  of  nanotube  diameters,  rather  than  the  bimodal  distribution 
shown  in  Figure  21(c),  the  CNTs  tended  to  be  found  in  order  of  decreasing  size,  as  shown  in 
Figure  21(d).  Again,  this  arrangement,  referred  to  as  pyramidal  stacking,  maximizes  the 
attractive  overlap  between  adjacent  nano  tubes  while  minimizing  internal  voids  within  the  stack. 
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Figure  21.  TEM  images  of  (a)  CNT  flattened  staeking  and  visible  nanotube  boundary  with  resin  interfaee, 
(b)  large  bundled  flattened  ‘dog-bone’  staeking  due  to  geometric  constrains  and  corresponding  alignment 
direction,  (c)  varied  diameter  stacking,  (d)  pyramid  type  flattened  stacking  for  gradually  varied  diameter 

CNTs 


This  preferential  assoeiation  of  similarly  sized  CNTs  eonstitutes  the  geometrieally  eonstrained 
self-assembly  and  paeking  features  has  not  been  explored  or  understood.  This  phenomenon 
initiates  that  during  the  gas  phase  synthesis  proeess  when  the  nanotubes  have  the  greatest 
mobility,  they  eontact  and  pair  with  other  nanotubes  of  similar  size.  The  alignment,  bundle  size 
growth  and  final  stacking  configuration  must  then  come  during  the  sheet  stretching  process, 
which  is  the  only  other  time  when  large  scale  geometric  changes  occur  within  the  as-prepared 
CNT  material.  In  any  case,  the  overall  thermodynamic  driving  force  appears  to  be  the  energetic 
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favorability  of  maximizing  of  the  attractive  van  der  Waals  interaction  by  maximizing  the  area  of 
overlap  between  adjacent  nanotubes.  This  is  a  different  behavior  than  is  found  in  other  materials 
containing  ordered  flakes  or  sheets. In  nacre,  for  example,  the  arrangement  of  the  much  larger 
filler  particles  is  significantly  influenced  by  the  polymer  layers  separating  the  platelets. 
Nanoclays,  while  of  similar  thickness  to  the  CNTs  studied  here,  tend  to  be  charged  and, 
therefore,  more  heavily  influenced  by  electrostatic  interactions.  As  shown  in  Figure  22,  this  new 
discovery  of  geometrically  constrained  self-assembly  and  graphitic  crystal  microstructure  of 
aligned  and  flattened  CNTs  provides  the  essential  alignment  and  molecular  improvements  to 
potentially  realize  theoretical  performance  of  nanotube  materials.  We  also  demonstrated  a  simple 
mechanical  stretching  process  capable  of  cost  effective  scale-up  to  potentially  accelerate  the 
rapid  insertion  of  the  materials  into  real  world  applications. 


load  transfer  and  high  strength 

Figure  22.  New  super-molecular  structures  of  CNT  assemblages:  geometrically  constrained  self-assembly 

and  graphitic  crystal  for  load  transfer  breakthrough 

2.6  Molecular  Model  and  MD  Simulation  of  Packing  Models  of  Geometrically  Constrained 
Self-assembly  and  Graphitic  Flattened  CNTs 

Thorough  collaboration,  the  NASA  research  team^^  successfully  developed  and  conducted  MD 
simulations  to  validate  the  stability  and  theoretical  density  of  this  new  microstructures  of  CNT 
assemblages.  The  open  source  program  LAMMPS  was  used  to  perform  the  MD  simulations,  and 
the  open  source  program  Ovito  was  used  to  provide  images. The  quantum  mechanics  based 
force  field  for  carbon  (QMFF-Cx)  of  Pascal  et  al.  was  used  to  determine  interatomic  forces. 
Both  the  round  and  flat  model  simulations  used  DWCNTs  composed  of  a  (93,0)  CNT  nested 
inside  of  a  (102,0)  CNT.  In  isolation,  these  DWCNTs  were  found  to  have  an  outer  diameter  of  8 
nm  and  an  inter-wall  spacing  of  approximately  0.34  nm,  which  was  within  the  range  of  nanotube 
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diameters  observed  in  the  experimental  TEM  images  shown  in  Figures  20  and  21.  The  round 
CNT  simulation  used  a  4x4  array  of  DWCNTs  in  a  periodie  eell  with  dimensions  of 
31.7x27.5x5.1  nm^.  The  flattened  CNT  simulation  eell  eontained  a  2x6  array  with  dimensions  of 
23.1x10.2x5.1  nm^.  In  both  oases,  the  CNTs  were  5.1  nm  long  in  the  axial  direotion,  resulting  in 
simulation  oells  oontaining  149,760  and  112,320  atoms  for  the  round  and  flattened  oases, 
respeotively.  The  large  number  of  atoms  in  these  systems  and  the  slow  inter-tube  relaxation 
prooesses  required  extensive  equilibration  runs  of  approximately  1.5  ns  eaoh. 

The  equilibrium  struotures  of  the  round  and  flattened  systems  found  at  a  simulation  temperature 
of  300  K  are  shown  in  Figure  23,  and  their  densities  are  provided  in  Table  3.  Note  that  both 
images  are  shown  at  the  same  soale  and  aoourately  refleot  the  dramatio  deorease  in  volume  and 
oorresponding  inorease  in  density  that  ooours  upon  flattening.  Figure  23  shows  that  the  flat  CNTs 
staoked  vertioally  to  form  a  struoture  similar  to  graphite.  The  round  CNT  system  are  flattened  on 
the  edges  to  form  a  hexagonal  shape  with  four-layer  graphite-like  walls.  This  is  a  well-known 
struetural  deformation  known  as  polygonization,  whieh  balanees  the  attraetive  van  der  Waals 
interaetions  with  the  inereased  strain  energy  that  results  from  nano  tube  deformation.  The  two 
systems  simulated  were  eomposed  of  0%  eollapsed  CNTs  and  100%  eollapsed  CNTs, 
establishing  minimum  and  maximum  paeking  densities  for  8  nm  diameter  nanotubes.  For  larger 
diameter  CNTs,  the  density  will  deerease  for  round  CNTs  and  inorease  for  flattened  CNTs.  In  the 
limit  of  very  large  diameter  CNTs,  the  density  of  flattened  nanotubes  will  approaoh  that  of 
graphite  beoause  the  oontribution  of  the  end-loops  is  independent  of  the  CNT  diameter.  For 
smaller  diameter  CNTs,  the  density  will  inorease  for  round  CNTs  and  deorease  for  flattened 
nanotubes  as  the  oontribution  of  the  end-loops  beoome  more  signifioant.  Below  a  oritioal 
diameter,  predioted  to  be  around  5  nm  for  DWCNTs,^^’*’  the  flattened  CNT  geometry  will  no 
longer  be  energetioally  stable  and  only  round  CNTs  will  be  present.  As  seen  in  Figure  23(d), 
partially  eollapsed  CNTs  are  also  found  in  these  materials  and  will  have  densities  intermediate 
between  those  of  the  0%  eollapsed  and  100%  eollapsed  systems. 

Table  3.  Densities  of  round  and  flat  CNT  models 


System 

Density  (g/em^) 

Round  CNTs 

0.665 

Flattened  CNTs 

1.820 
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Figure  23.  Bulk  CNT  systems  consisting  of  (a)  0%  collapsed  round  CNTs  and  (b)  100%  collapsed  CNTs, 

(c)  dimensions  of  flat  and  round  CNTs  in  isolation 


Using  the  measured  densities  of  neat  CNT  film  in  Table  4  and  the  ealeulated  CNT  densities  and 
from  Table  1,  the  void  volume  fraetion  may  be  eomputed  for  varying  ratios  of  round  to  flattened 
CNT  materials.  Figures  22  and  23  show  that  stretehing  the  samples  deereased  the  void  volume 
fraetion  and  inereased  the  fraetion  of  flattened  nanotubes.  In  faet,  to  aehieve  the  total  density 
observed  in  the  80%  stretehed  sample  (1.61  g/em^),  the  volume  fraetion  of  flattened  CNTs  must 
be  above  0.8  if  the  sample  is  assumed  to  be  fully  dense  paeking,  i.e.  with  a  void  volume  fraetion 
of  zero.  Making  the  more  reasonable  assumption  that  some  void  volume  remains  in  the  samples, 
the  fraetion  of  flattened  nanotubes  must  be  even  higher.  If  a  void-free  sample  eould  somehow  be 
prepared  at  the  unstretehed  density  (0.76  g/em^),  this  model  prediets  that  it  would  have  to  eontain 
approximately  10%  flattened  nanotubes.  The  unstretehed  or  initial  random  samples  elearly 
eontained  a  signifieant  void  eontent,  as  shown  in  Figure  18,  indieating  the  as-reeeived  material 
must  eontain  a  eontent  of  flattened  nanotubes  mueh  higher  than  10%.  This  is  an  interesting  result 
relevant  to  the  question  of  whether  the  nanotubes  were  flattened  during  synthesis  or  during  the 
stretching  process.  These  results  indicate  that  a  significant  portion  of  the  flattening  occurred 
during  synthesis.  The  high  density  of  flattened  and  crystal  packed  CNT  structures  was  close  to 
that  of  reinforcement  carbon  fiber  (1.78  g/cm^),  as  shown  in  Figure  24,  indicating  improved 
microstructures  to  provide  large  molecular  level  voids  in  the  materials. 
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Table  4.  Measured  densities  of  treated  and  purified  CNT  film  and  CNT/BMI  composites 


Stretching 

Strain 

(%) 

Measured  Density 

(g/cm^) 

Areal  Density 

(g/m^) 

Average  Thickness 

(pm) 

CNT 

Tape 

CNT/BMI 

composite 

CNT 

Tape 

CNT/BMI 

composite 

CNT 

Tape 

CNT/BMI 

composite 

0 

0.76 

1.49 

12.24 

19.92 

16.10 

13.35 

20 

1.22 

- 

26.64 

- 

21.84 

- 

40 

1.42 

1.64 

31.81 

29.54 

22.40 

18.00 

60 

1.54 

1.74 

40.85 

37.53 

26.50 

21.57 

80 

1.61 

I.8I 

50.57 

46.13 

31.34 

25.50 

Experimentally  Measured  Density  (g/cm^) 

0.76  1.22  1.42  1.54  1.61 


Figure  24.  Volume  fraction  of  voids  at  various  stretching  strains.  Corresponding  experimental  densities  of 
neat  CNT  film  samples  are  shown  on  the  top  axis,  data  from  Table  4.  Lines  correspond  to  assumed 
volume  fractions  of  flattened  CNTs  in  the  samples 

In  the  case  of  CNT/BMI  nanocomposite  samples,  very  high  measured  densities  were  observed, 
as  shown  in  Table  4.  If  the  system  is  assumed  to  be  composed  of  100%  fiat  CNTs  and  to  be  fully 

36 


DISTRIBUTION  A:  Distribution  approved  for  pubiic  reiease 


dense  (0%  void  volume),  a  maximum  density  of  1.56  g/em^  is  predicted.  Increasing  the  assumed 
density  to  that  of  graphite  (2.26  g/cm^),  a  maximum  composite  density  of  1.71  g/cm^  was  found. 
The  CNT/BMI  composites  were  found  to  have  experimental  densities  of  1.74  and  1.81  g/cm^  in 
the  60%  and  80%  stretched  case,  respectively.  This  is  possibly  due  to  the  high  temperature  and 
pressure  processing  conditions  inducing  further  assembly  and  packing  of  the  CNTs  during 
composite  fabrication. 

2. 7  Twisting  and  Folding  of  Flattened  CNTs 

In  addition  to  the  nanotube  collapse  and  packing  phenomena  discussed  and  analyzed  above,  a 
number  of  other  interesting  structural  deformations  were  observed  during  the  course  of  this 
work.  For  example.  Figures  25  (a,  b)  show  a  collapsed  CNT  in  a  twisted  ribbon  configuration. 
Isolated  flattened  CNTs  are  easily  deformed  in  this  manner  because  of  the  significant  reduction 
in  cross-sectional  area  relative  to  a  cylindrical  CNT  and  the  absence  of  lateral  support  that  would 
be  found  in  a  bundle.  In  fact,  previous  atomistic  simulations  of  the  stability  of  single-  and  multi- 
walled  CNTs  showed  that  lattice  registry  effects  can  cause  the  warping  and  twisting  that  occurs 
as  the  nanotubes  collapse  due  to  attractive  van  der  Waals  interactions.^^  This  mode  of 
deformation  has  attracted  interest  since  the  early  days  of  CNT  research.^* 

There  is  also  a  longstanding  interest  in  the  mechanical  behavior  of  CNTs  under  compression.  For 
example,  a  combination  of  experimental  data  and  modeling  was  used  to  study  the  buckling  CNTs 
under  compression.  MWCNTs  were  found  to  have  a  compressive  strength  more  than  double  that 
of  any  known  fiber,  and  applying  high  compressive  stresses  resulted  in  kinks  with  large  degrees 
of  bending. Other  studies  of  the  kinking  phenomena  in  MWCNTs  showed  that  the  applied 
stress  was  distributed  among  the  multiple  walls  of  the  CNT.  This  load  distribution  mechanism 
should  translate  to  bundles  of  flattened  CNTs  and  could  be  enhanced  due  to  their  larger  contact 
areas  and  improved  load  transfer.^®  While  compressive  loading  was  not  directly  studied  during 
this  project,  the  spring  back  process,  which  occurs  when  the  tension  is  released  from  a  bundle  of 
nanotubes  when  pulled  from  the  matrix  during  fracture,  applies  a  large  transient  compressive 
load  to  the  nanotubes.  Figures  25(c,  d)  show  the  stress-deformation  couplings  where  the  CNTs 
bundled  together  as  fibrils  were  deformed  and  folded  at  the  tips  of  many  of  the  telescoping 
triangular  failures^k  In  Figures  25(d),  the  reference  alignment  direction  is  shown  to  illustrate  that 
the  bundled  CNTs  folded  away  from  the  composite  when  the  fibrils  separated  and  the  off-axis 
stresses  occurred.  The  fact  that  the  CNTs  remain  bundled  even  after  the  high  stress  bending 
event  is  an  indication  of  the  robustness  of  the  adhesion  between  flattened  CNTs  in  the  bundles. 
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Figure  25.  TEM  images  of  (a,  b)  twisted  individual  CNTs  (e)  folded  CNTs  from  the  pulled-out  bundles, 
and  (d)  bundles  of  folded  nanotubes  fractured  away  from  the  alignment  direction 


2.8  CNT  Pullout  Failure  and  CNT/resin  Interface  Bonding 

While  the  CNT/BMI  eomposite  tested  in  this  work  failed,  in  a  macroseopie  sense  in  a  brittle  or 
delamination  dominated  manner,  the  TEM  and  SEM  images  revealed  a  very  different  fraeture 
surfaee  than  typieally  found  for  eonventional  earbon  fiber  composites.  The  major  failure  mode 
was  the  pull  out  of  individual  bundles  when  the  interfacial  bonds  were  broken  by  shear  stresses 
between  the  nanotubes  and  the  resin  matrix.  Also  note  that  this  did  not  appear  to  occur  as  a 
single  catastrophic  event,  but  rather  in  a  progressive,  bundle -by-bundle  manner  until  ultimate 
failure  of  the  nanocomposite  occurred."^'’^^"^'^  Eigure  26  shows  the  various  types  of  pullout  failure 
observed.  Eigure  26(a)  shows  several  flattened  stacks  of  varying  lengths  after  pullout.  Eigure 
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26(b)  provides  a  closer  view  of  a  single  bundle  pullout  and  highlights  the  resin  remaining  on  the 
bundle  surface7^“^"^  Figure  26(c)  shows  that  a  long  bundle  can  dramatically  telescope  from  a 
large  diameter  bundle  composed  of  many  CNTs  to  a  single  CNT.  Figure  26(d)  shows  an  intra¬ 
bundle  sliding  between  CNTs,  where  a  bundle  between  a  graphitic  and  amorphous  region  slides 
along  the  alignment  direction  while  staying  in  the  flattened  bundle’s  plane.  The  region  labeled  as 
the  graphitic  region  was  a  bundle  of  aligned  and  collapsed  nanotubes  with  its  basal  plane  vertical 
to  the  sliding  CNT  bundles.  Flowever,  the  amorphous  region  demonstrated  a  mixture  of 
amorphous  resin  and  much  smaller  CNT  bundles.  Taken  together,  these  results  indicate  that  both 
CNT/CNT  and  CNT/resin  bonding  are  critical  to  the  mechanical  performance  of  the 
nanocomposite,  and  they  must  be  enhanced  to  further  improve  the  mechanical  properties. 


Figure  26.  TEM  images  of  (a)  flattened  CNT  stacking  with  pullout  of  each  stack,  (b)  uniform  stacking 
layered  pullout,  (c)  telescoping  bundle  pullout,  (d)  one  flattened  CNT  stack  sliding  and  pulling  out 
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3,  High  Energy  Beam  and  High  Temperature  Treatments  of  CNT  Networks 

We  investigated  the  crosslinks  of  CNT  assemblies  to  enhance  inter-nanotube  interactions  to 
improve  load  transfer  for  high  mechanical  performance.  In  this  research,  we  utilized  electron 
beams  (E-beam)  set  at  different  energy  levels  to  treat  CNT  sheets  or  buckypapers,  and  explored 
structure  and  property  changes  of  the  resultant  materials.  The  high- temperature  treatment 
(>carbonization  temperature)  of  CNT  networks  were  conducted  to  observe  thermal  effects. 

Observations  of  irradiation-induced  phenomena  have  generated  great  interest  in  the  effects  of 
irradiation  on  CNTs,  such  as  the  coalescence  and  welding  of  CNTs,  tunneling  barrier  formation 
among  CNTs  and  creating  inter- tube  bridging  or  crosslinks  within  nano  tube  ropes^^“^^  and 
buckypaper.^^“'°^  Beams  of  energetic  particles  are  believed  to  be  effective  for  providing  scale-up 
potential  for  nano  tube  crosslinks  and  functionalization.  For  CNTs,  the  collision  of  an  energetic 
particle  with  a  carbon  atom  will  result  in  several  types  of  point  defects.  For  instance,  the 
formation  of  a  single-vacancy  or  multi-vacancies  will  occur  and  a  number  of  primary  knock-on 
atoms,  which,  if  their  energy  is  sufficient,  will  leave  or  displace  other  atoms  in  the  nanotubes  or 
will  be  adsorbed  onto  the  nanotube  walls  if  their  energy  is  low  or  create  crosslinks  of  CNTs. 
Some  experimental  studies  using  a  tunneling  electronic  microscopy  and  SEM  on  the  in-situ 
irradiation  of  single-walled  carbon  nanotubes  (SWCNTs)  ropes  validated  the  substantial 
enhancement  of  mechanical  properties  of  an  individual  nanotube  rope,  due  to  inter-tube  covalent 
bonding  formation.^^"^^  We  also  demonstrated  crosslinking  of  SWCNTs  in  loosely  and  randomly 
packed  macroscopic  buckypaper,  which  was  achieved  by  in-situ  cross-linking  SWCNTs  under 
electron  beam  irradiation.'*’^  In  this  research,  we  focused  on  studying  of  E-beam  treatment  on 
macroscopic  CNT  sheet  samples  and  investing  the  mechanical  and  electrical  property  changes  of 
the  resultant  materials. 

We  used  three  different  approaches  to  irradiate  e-beams  to  the  CNT  networks:  1)  high-energy 
beams  (2MeV)  in  the  NeoBeam  alliance  with  a  water  cooled  stage  in  an  open  air  condition,  2) 
low  energy  beams  (9  keV)  with  a  high  vacuum,  and  3)  mid-range  powered  energy  E-beams  (60 
keV)  with  slight  vacuum.  Coalition  of  SWCNT  can  occur  at  over  1300  °C  based  on  MD 
simulations.'*’"'  The  energy  must  break  the  CC  bonding  and  connect  with  other  adjacent  C  atoms. 
The  E-beam  accelerated  the  CC  bonding  break  due  to  its  energy  level,  so  we  used  different  e- 
beams  for  this  purpose. 
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3.1  High  Energy  E-beam  Irradiation 

We  previously  reported  that  e-beam  treatment  increases  the  mechanical  properties  of  CNT 
networks. The  treatment  also  created  defects  on  the  surface  of  the  CNTs  and  increased  the 
electrical  resistivity.  As  shown  in  Figure  27,  the  CNT  walls  were  damaged  by  the  high  energy  E- 
beam  treatments. 


Figure  28  shows  the  Raman  spectra  and  temperature  dependence  of  resistivity  of  the  SWCNT 
films.  E-beam  irradiated  CNTs  showed  a  larger  disorder  induced  D-band  as  the  electron  dose 
increased.  The  treated  samples  also  illustrated  significant  temperature  dependence  of  resistance 
compared  to  pristine  CNTs,  which  are  typical  signs  of  a  disorder  increase. 


Figure  27.  SEM  and  TEM  images  of  (left)  pristine  SWCNT  and  (right)  e-beam  irradiated  CNT  with  dose 

of  300x  1015  e/cm^ 


Figure  28.  Raman  spectra  (785  nm  laser  excitation)  at  different  electron  doses  and  their  corresponding 

temperature  dependence  of  resistance 


Figure  29  shows  the  electron  energy  loss  spectroscopy  (EELS)  of  a  pristine  CNT  network  and  an 
irradiated  one.  EELS  of  graphene  are  also  shown  for  reference.  The  EELS  results  of  the  pristine 
CNT  and  graphene  appear  almost  identical;  however,  E-beam  irradiated  CNTs  show  broader 
peaks  compared  to  the  pristine  sample.  E-beam  irradiated  CNTs  have  broad  a*  peak  of  -300  eV 
and  the  similar  spectrum  can  be  found  in  the  bended  SWCNTs.^®^  This  indicates  a  change  in  the 
electronic  state  of  the  sample.  Therefore,  E-beam  irradiated  disorder  and  defects  lead  to  changes 
in  electronic  state  and  the  change  of  temperature  dependent  electrical  transport  property. 


Figure  29.  Carbon  K-edge  EELS  of  different  Carbon  structures  normalized  to  maximum  a*  peak.  E-beam 

irradiation  makes  a*  peak  and  x*  peak  broadened 
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3.2  Low  Energy  E-beam  with  High  Temperature  and  High  Vacuum 

We  used  a  regular  E-beam  evaporator  (9  keV)  for  the  E-beam  treatment  of  CNTs.  The  SWCNT 
sheet  was  kept  under  a  high  vacuum  (10‘^  Torr).  As  the  E-beam  current  hit  the  sample  surface, 
the  temperature  increased.  Figure  30  shows  TEM  images  from  different  locations  of  the  treated 
samples.  The  MWCNTs  were  observed  in  the  intense  beam  areas,  and  welding  of  CNT  walls 
was  observed.  The  SWCNTs  with  slightly  damaged  walls  were  observed  outside  of  intense  beam 
area.  However,  this  method  cannot  be  applied  for  scalable  production  and  treatment  due  to  the 
facility  limitations. 


Figure  30.  TEM  images  of  E-beam  irradiated  SWCNT  with  the  low  energy  E-beam  under  high  vaeuum 

3.3  Mid-Range  E-beam  Energy  with  Vacuum 

We  used  the  E-beam  manufacturing  facility  at  the  North  Carolina  State  University,  which 
operates  at  60  keV  with  a  vacuum  level  of  10  Torr  for  CNT  treatment.  The  CNT  sheet  sample 
size  was  about  6x6  inches.  Figure  31  shows  a  photo  of  the  sample  after  e-beam  irradiation  of  2 
mA  current  and  SEM  images  of  the  front  and  back  surfaces  of  the  MWCNT  sheet,  which  shows 
the  CNTs  were  exposed  to  high  temperatures  and  strong  beam  energy.  The  backside  color  was 
quite  different  due  to  the  deposition  of  materials  from  the  graphite  substrates. 

Figure  31  shows  some  residual  amorphous  carbon  remained  on  the  surface  and  repeated 
exposure  decreased  these  amorphous  carbon  deposition.  The  tensile  modulus  increased  from  less 
than  1  GPa  in  the  pristine  sheet  to  35  GPa  after  irradiation,  as  shown  in  Figure  32.  However,  the 
mechanical  strength  was  noticeably  reduced  due  to  possible  CNT  damages.  After  the  E-beam 
treatment,  the  strain  reduced  from  25%  to  12%  range,  indicating  the  combination  effect  of 
nanotube  damage  and  amorphous  deposition  to  limit  CNT  movements  in  the  network.  The 
effects  of  E-beam  treatment  on  CNTs  and  their  networks  are  complicated,  so  more  fundamental 
studies  are  needed  to  gain  better  understanding. 
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Figure  31.  E-beam  treatment  of  MWCNTs:  (a)  Front  and  (b)  backside  pictures  of  MWCNT  sheet  after  the 
E-beam  irradiation;  (c)  and  (d)  are  their  corresponding  SEM  images 


Figure  32.  Typical  tensile  properties  of  pristine  MWCNT  sheet  and  e-beam  irradiated  sheet;  the  sheet 
modulus  increased  but  strength  was  decreased  after  E-beam  treatment;  temperature  dependence  of 
resistivity  of  the  pristine  MWCNT  sheet  and  CNT  Sheet  from  (random  sheet  from  Nanocomp),  thermally 
treated  sheet  at  2000“C  and  60  keV  e-beam  treated  sheet.  Inset  shows  normalized  resistivity  at  room 

temperature 
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4,  CNT  Buckypaper/Carbon  Fiber  Hybrid  Composites 

We  studied  the  manufacturing  process,  microstructures  and  CNT  sheets  (buckypaper  or  BP)  /CF 
interply  hybrid  composites  to  develop  an  effective  approach  to  directly  incorporate  high- 
performance  CNT  materials  into  carbon  fiber  structural  composites  for  improving  mechanical 
and  electrical  conductivity.^^  Through  collaborating  with  Boeing  and  the  Cytec  research  teams, 
we  used  random  CNT  sheets  with  unidirectional  IM7/BMI  prepreg  from  Cytec  and  an  autoclave 
process  to  make  aerospace  quality  composite  samples. 

Incorporating  CNTs  into  CF  structural  composites  is  considered  a  promising  approach. 

CNTs  have  been  applied  in  composite  materials  as  filler  materials  in  resin  matrices  or  by  direct 
growth  on  fiber  surfaces  to  improve  structural,  electrical  and  thermal  properties.  However, 
homogeneous  dispersion  of  CNTs  and  fabrication  of  quality  composites  with  high  CNT  and 
carbon  fiber  (CF)  contents  in  large-scale  structures  remain  major  technological  challenges. 

Some  innovative  approaches  have  been  attempted  to  fabricate  CNT/fiber  hybrid  multiscale 
composite  materials.  For  example,  Wardle  and  co-researchers'''’''^  succeeded  in  developing  a 
transfer-printing  scheme  to  place  vertically-aligned  CNT  forests  between  two  plies  of  fiber 
prepregs.  The  resulting  hybrid  composite  contained  an  interlaminar  architecture  of  aligned 
CNTs,  leading  to  enhanced  toughness  of  the  composite. 

As  shown  in  Figure  33,  we  directly  incorporated  buckypaper  with  CF  prepreg  to  make 
aerospace-quality  composites  (about  5560  vol%  CF  and  38  wt.%  CNT  contents).  Large 
(200x250  mm^)  BP/CF  interply  hybrid  composite  samples  were  developed  to  transfer  the 
multifunctional  attributes  of  CNTs  into  the  materials  while  maintaining  the  structural 
performance  of  aerospace  composites.  During  autoclave  processing,  the  through-thickness  resin 
flow  and  impregnation  from  fiber  prepreg  under  vacuum  and  autoclave  pressure  dried  or 
impregnated  the  buckypaper  (buckypaper  prepreg),  followed  by  the  in-plane  resin  bleeding 
mainly  along  the  laminate  sides  after  resin  saturation  of  the  buckypaper. The  extremely  low 
permeability  (10  m^)'"''  of  buckypaper  layers  eliminated  the  resin  bleeding  along  the 

through-thickness  of  the  hybrids.  The  higher  CNT  content  caused  voids  and  resin  starvation 
defects  in  the  BP/CF  hybrid  composites  were  due  to  the  low  permeability  and  high  absorbency  of 
dry  buckypaper.  Buckypaper  prepreg  lay-up  processing  is  especially  suitable  to  hybrid  composite 
fabrication  with  a  high  global  CNT  concentration  and  produces  less  voids  and  defects. 
Buckypaper  layers  showed  consistent  thicknesses  in  all  prepared  hybrid  composites,  which  were 
about  double  the  thickness  of  the  dry  pristine  buckypaper  due  to  absorbency  and  swelling  effects. 
The  buckypaper/unidirectional  carbon  fiber  hybrid  composites  with  4.95  wt%  CNTs  showed 
promising  tensile  strength  and  modulus  of  2519±101  MPa  and  149±18  GPa,  close  to  the 
corresponding  values  of  the  control  sample.  The  tensile  properties  decreased  with  the  increase  of 
CNTs  or  buckypaper  contents,  but  the  electrical  conductivity  exhibited  significant 
improvements.  With  additional  functionalization  of  CNT  to  enhance  interfacial  bonding,  the 
resultant  hybrid  composites  showed  an  increase  in  tensile  properties,  and  the  sample  failure 
modes  changed  from  explosive  failure  modes  of  the  control  samples  to  more  step-wise 
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delamination  failure.  SEM  analysis  showed  the  buckypaper  layer  acted  as  micro-crack  arresting 
barriers  to  avoid  through-thickness  crack  propagation  and  increased  the  failure  strain  and 
properties,  as  shown  in  Figure  34.  By  studying  and  modeling  resin  flow  with  low  permeability 
CNT  layers,  using  much  stronger  sheets  of  aligned  CNTs,  and  applying  functionalization  to 
improve  interfacial  bonding,  we  can  potentially  develop  a  scalable  manufacturing  approach  to 
make  high  quality  CNT  BP/CF  hybrid  composites  for  multifunctional  and  high  damage  tolerance 
structure  applications.  More  importantly,  this  method  is  able  to  scale-up  and  realize  fast  insertion 
into  current  composite  applications. 


Figure  33.  CNT  BP/CF  hybrid  composites:  interplay  hybrid  layup;  autoclave  process  and  high  quality 
samples  with  well  resin-impregnated  CNT  strips  and  no  noticeable  resin  rich  areas  and  voids 
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CNT  BP  layer  to  arrest 
microcracking 


Figure  34.  100%  increase  of  failure  strain  of  the  CNT  BP/CF  hybrid  composites  with  functionalization 

treatment  and  improved  failure  modes 

4.1  Permeability  of  CNT  Buckypaper 

In  contrast  to  traditional  fiber  reinforcements,  buckypapers  are  eomposed  of  randomly  dispersed 
CNTs  of  120  nm  diameters,  which  are  much  smaller  than  mieron-size  reinforeement  fibers.  The 
differences  of  the  pore  shapes  and  sizes  in  CNTs  and  fiber  networks  play  an  important  role  in 
composite  manufacturing  and  quality  control,  especially  for  resin  infiltration  and  void  formation. 
We'^^  measured  the  through-thickness  permeability  of  SWCNT  buckypaper  using  deionized 
water  under  a  vacuum.  The  results  revealed  a  mueh  lower  permeability  of  buekypaper  compared 
to  fiber  reinforcements.  A  direct  consequence  in  composite  manufaeturing  involving  buckypaper 
is  its  inhibition  of  resin  flow  and  infiltration  due  to  such  a  low  permeability.  Inhibited  resin  flow 
ean  trap  air  within  porous  structures  leading  to  void  formation,' Investigating  the  permeability 
of  buckypapers  and  the  resin  infiltration  behavior  are  vital  to  understanding  and  optimizing 
nanocomposite  manufacturing. 

In  this  study,  the  through-thickness  permeabilities  of  buckypaper  under  different  applied 
pressures  were  measured  and  the  influential  faetors  on  permeability  were  investigated.  The 
interactions  between  different  working  fluids  with  four  types  of  buckypapers  were  investigated 
to  reveal  the  flow  behavior  deviations  from  Darcy’s  law  and  Kozeny-Carman  model. 
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4.2  Materials  and  Permeability  Measurement  Setup 

4.2.1  Buckypaper  Materials 

The  permeability  measurements  were  earried  out  by  using  four  different  types  of  buckypaper 
materials:  SWCNT  buckypaper,  two  types  of  MWCNT  buckypapers  fabricated  using  a 
suspension  filtration  process, and  one  commercial  MWCNT  nanotube  was  supplied  by 
Nanocomp.  The  Nanocomp  CNT  sheets  were  produced  using  a  continuous  CVD  process  in 
which  the  MWCNTs  are  directed  on  a  substrate  to  form  thin  films.  These  materials  exhibited 
different  nanofibrous  structures,  which  resulted  in  a  unique  nano-pore  shape  and  size  for  each 
material.  Table  5  shows  the  structural  parameters  of  these  buckypapers.  Two  different  types  of 
MWCNTs,  SMWIOO  and  SMW200  from  Southwest  NanoTechnologies,  were  used  to  fabricate 
MWCNT  BP-1  and  MWCNT  BP-2  samples,  respectively.  We  also  used  Southwest  SWCNT 
(CG200)  to  make  SWCNT  BP  buckypaper.  MWCNT  BP-3  sample  was  supplied  by  Nanocomp 
using  a  direct  deposition  process. 

4.2.2  Working  Fluids 

Three  types  of  working  fluids  were  chosen  for  infiltration:  water,  acetone  and  an  acetone 
solution  of  epoxy  resin.  These  liquids  provided  different  viscosities,  polarity  and  molecular  sizes 
and  allowed  us  to  study  their  interactions  with  nanoscale  fibrous  geometries.  Bisphenol-A  based 
epoxy-635  resin  without  a  curing  hardener  was  used  by  mixing  with  acetone.  The  mixing  ratio  of 
epoxy-635  to  acetone  was  4:1  by  weight.  Table  6  lists  the  densities  and  viscosities  of  different 
liquids  used  at  room  temperature. 


Table  5.  Structural  parameters  of  different  buckypapers 


CNT  characteristics 

_  Thickness  (pm) 

Areal 

density 

(gW) 

Type 

Diameter  (nm) 

Length(gm) 

MWCNT  BP-1 

MWCNT 

~6.6 

-6.0 

40.0 

22.98 

MWCNT  BP-2 

MWCNT 

-10.0 

-5.0 

43.0 

23.15 

MWCNT  BP-3 

MWCNT 

6-8  nm 

>1000 

10.0 

10.30 

SWCNT  BP 

SWCNT 

-1.0 

-1.0 

22.4 

19.99 

48 


DISTRIBUTION  A:  Distribution  approved  for  pubiic  reiease 


Table  6.  Properties  of  infiltration  working  liquids 


Type  of  liquid 

Density  (g/cm^) 

Viscosity  (Pa-s) 

Suppliers 

Water 

0.997 

1.05x10'^ 

— 

Acetone 

0.791 

3.06x10-^ 

Sigma-Aldrich  Co. 

Epoxy-635/Acetone 

solution 

1.03 

1.9x10-2 

U.S.  Composites  Inc. 

4.2.3  Permeability  Measurement  Setup 

The  through-thickness  permeability  of  buckypaper  was  tested  by  using  a  simple  filter  apparatus, 
as  shown  in  Figure  35(a).  The  buckypaper  was  placed  inside  the  filter  apparatus,  which  was 
supported  by  a  metallic  porous  plate,  as  shown  in  Figure  35(b).  In  order  to  prevent  buckypaper 
breakage  under  an  applied  high  pressure  during  infiltration,  a  100  pm  thick  cellulose  nitrate  filter 
paper,  produced  by  Sartorius  Stedim  Biotech  Gmbh  with  a  pore  size  of  0.45  pm,  was  placed 
beneath  the  buckypaper.  A  50  pm  thick  polyester  mesh  spacer  filter  paper  produced  by  Sterlitech 
Corporation  was  placed  under  the  cellulose  nitrate  filter  to  improve  the  effluent  flow.  The 
permeabilities  of  these  filter  papers  were  above  2x10''^  m^,  much  larger  than  those  of 
buckypaper,  so  their  effect  on  the  test  results  would  be  negligible.  The  buckypaper  specimens 
were  cut  into  round  9  cm  diameter  discs  and  sealed  with  a  rubber  ring  into  the  filter  apparatus  to 
eliminate  any  edge  effect.  Compressed  air  at  a  constant  pressure  forced  the  working  fluid  from  a 
reservoir  container  to  penetrate  buckypaper  in  the  through-thickness  direction.  The  diameter  of 
the  effective  cross  section  for  liquid  infiltration  was  7.5  cm.  Liquid  penetration  time  was 
recorded  to  estimate  the  unsaturated  permeability  by  recording  when  the  first  droplet  of  effluent 
filtrate  was  observed  in  the  outlet.  The  observed  liquid  volume  vs.  time  was  measured  after  the 
buckypaper  was  fully  wetted  to  determine  its  saturated  permeability. 


(a) 

Compressed  air 


Regulator  valve 


/ - Pressure  gauge 

Filtering  apparatus 


Graduated  cylinder 


Figure  35.  Through-thickness  permeability  test  schematic:  (a)  measurement  apparatus  and  (b)  filtration 

assembly 
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4.2.4  Pore  characteristics  measurement  by  gas  adsorption 

Pore  size,  volume  and  surfaee  area  of  the  buckypaper  were  eharaeterized  using  the  physieal  gas 
adsorption  teehnique.  The  tests  were  using  N2  gas  and  a  Micromeritics  Tristar  3000  Pore  Size 
and  Surfaee  Area  Analyzer.  All  samples  were  degassed  for  10  hours  at  200  °C  under  a  vaeuum, 
whieh  was  followed  by  2  hours  at  200  °C  under  N2  flow  prior  to  measurement  to  elean  the 
surface.  The  Brunauer,  Emmett  and  Teller  (BET)  and  Barrett,  Joyner  and  Halenda  (BJH)  models 
were  used  to  obtain  the  surface  area  and  pore  size  characteristics,  respectively.  The  data  obtained 
from  the  N2  sorption  models  were  useful  for  observing  trends  among  the  samples  in  a  qualitative 
or  semi-quantitative  manner.  The  porosity  values  of  the  samples  were  estimated  from  pore 
volume  and  bulk  density,  as  shown  in  Table  7.  However,  due  to  the  complexity  of  gas  absorption 
in  nanostructured  carbons  and  the  numerous  assumptions  involved  in  each  model,  caution  was 
taken  in  attempting  to  determine  the  quantitative  comparisons  with  other  materials  or  values 
obtained  from  other  characterization  methods. 

Table  7.  Pore  characteristic  parameters  of  different  buckypapers 

BET  area  (m^/g)  Pore  width  (nm)  Porosity  (%) 


MWCNT  BP-1  (Pristine) 

207.5 

16.0 

58.6 

MWCNT  BP-1  (Heat-treated) 

229.3 

17.3 

66.5 

MWCNT  BP-2 

184.0 

15.1 

44.7 

MWCNT  BP-3 

161.5 

15.4 

71.8 

SWCNT  BP 

415.4 

6.9 

67.9 

4.3  Permeability  Estimation  Model 

During  the  infiltration  process,  liquid  penetrated  the  dry  buckypaper.  Rates  for  liquid  infiltration 
into  nanoscale  pores  were  different  based  on  the  widths.  This  caused  the  complete  saturation  of 
buckypaper  to  be  delayed.  Elnsaturated  infiltration  occurred  at  the  beginning  of  the  infiltration 
process. 

4.3.1  Unsaturated  infiltration 

Darcy’s  Eaw  is  widely  used  to  describe  infiltration  behaviors  of  porous  media  by  assuming  a 
liquid  as  a  Newtonian  fluid, 

f  =  -— VP 
V 

where  ^  is  the  flow  velocity  of  a  working  fluid  infiltrating  into  porous  medium,  K  is  the 
permeability,  p  is  the  liquid  viscosity,  and  is  the  pressure  difference  to  drive  the  infiltration. 
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We  attempted  to  see  whether  buekypaper  with  nanoseale  pores  followed  Darey’s  Law  through 
permeability  measurements  and  analysis. 

Although  Darey’s  Law  was  developed  for  saturated  flow  in  the  mieroseale  porous  media,  it  has 
been  widely  used  for  unsaturated  flow  in  the  eomposite  materials  manufaeturing  field  for  resin 
infiltration  into  dry  fiber  preforms.'^*  At  the  beginning  of  liquid  penetration  into  a  dry 
buekypaper,  unsaturated  flow  will  oeeur  when  the  buekypaper  is  not  eompletely  filled  with 
liquid.  Darey’s  Law  in  one-direetional  form''^  ean  be  expressed  as 

dt:  dP  (9) 

dt  rjil  -  Vf)  dL 

where  L  is  the  infiltration  distanee  at  time  t,  and  Kzu  is  the  unsaturated  through-thiekness 
permeability  of  buekypaper.  During  infiltration,  a  eonstant  air  pressure  Pair  was  applied.  By 
observing  the  existing  of  a  threshold  pressure  (PT)  for  the  liquid  to  penetrate  buekypaper,  this 
parameter,  PT,  ean  be  designed  to  deseribe  the  effeet  of  the  interaetion  between  CNTs  and  the 
working  liquid,  and  then  equation  (9)  ean  be  further  integrated  to  produee 

(10) 


By  plotting  L^t  against  Pair,  a  straight  line  should  fit  the  line  with 


Slope  =  a' 


2K 


ZU 


7(1 -Lf) 


(11) 


And  then  unsaturated  permeability,  Kzu,  ean  be  estimated  by  the  relation 

__  a'r]{l-Vf) 


(12) 


Saturated  infiltration  analysis 

After  the  buekypaper  was  fully  wetted  or  penetrated,  Darey’s  Law  in  saturated  flow  ean  be 
written  as 


0 


rfL 


(13) 


where  Q  is  the  flow  rate,  and  A  is  the  eross  seetion  of  the  buekypaper.  Taking  into  aeeount  that 

P=P^«+Pi  (14) 


Equation  12  ean  be  rewritten  as 
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By  plotting  Q  against  Pair,  a  straight  line  should  fit  the  line  with 


Slope  =  a  = 


(16) 

rjL 

(17) 

rjL 


Then,  the  saturated  permeability  Kzs  and  PT  ean  be  estimated  respeetively, 


K 


zs 


a  rjL 
A 


Pt 


b 


a 


(18) 

(19) 


4.4  Permeability  Results 

From  the  experimental  results  and  model  ealculations,  we  found  that  liquid  permeated  into  the 
buckypaper  gradually  faster  until  a  eonstant  flow  rate  was  reached,  which  indicates  unsaturated 
infiltration  lasted  for  a  period  of  time  before  saturation.  Low  viscosity  and  high  pressure  can 
effectively  accelerate  saturation.  Therefore,  we  infiltrated  the  liquid  under  400  kPa  of  pressure 
for  about  5  minutes  before  we  conducted  saturation  measurements  to  ensure  the  samples  were 
fully  wetted.  Figure  36  shows  the  liquid  volume  vs.  time  plots  for  saturated  infiltration  under 
different  applied  air  pressures.  The  good  linear  relationship  indicated  a  constant  flow  rate,  which 
can  be  calculated  from  the  slope.  The  data  revealed  a  relationship  that  would  be  expected  from 
saturated  permeation. 
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Time  (s) 


Figure  36.  Plots  of  water  infiltration  volume  vs.  time  under  different  air  pressures  of  pristine  MWCNT 

BP-1  sample 


Assuming  Pt=0  Pa  in  the  model  to  negleet  the  interaction  effects,  we  can  estimate  saturated 
permeability  based  on  each  individual  infiltration  experiment  under  different  applied  pressures. 
The  filled  solid  bar  in  Figure  37  shows  the  saturated  permeability  results.  As  an  important 
material  constant,  permeability  was  only  determined  by  the  pore  characteristics  based  on  Darcy’s 
Law.  However,  the  resultant  permeability  noticeably  increased  with  the  increase  of  the  test 
pressures,  which  conflicted  with  the  observed  linear  relationships  following  Darcy’s  Law.  The 
significant  difference  in  pore  sizes  between  the  reinforcement  fiber  preform  and  buckypaper 
materials,  as  shown  in  Table  7,  may  be  caused  by  more  intensive  interactions  between  CNTs  and 
working  liquids  resulting  from  its  nanoscale  pores.  In  order  to  quantify  such  effects,  a  threshold 
pressure  (Pt)  was  defined  as  the  interaction  effect  and  introduced  into  Equation  (15). 
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Pressure  (kPa) 

Figure  37.  Saturated  permeabilities  of  buckypaper  from  infiltration  under  different  applied  air  pressures 
using  Equation  (15)  by  assuming  PT=0  (Solid  bar)  and  with  PT  effect  using  the  experimental  threshold 
pressure  value  calculated  from  Equations  (17-19)  (Flollow  bar) 

Figure  38  presents  the  plots  of  flow  rate  vs.  applied  pressure  for  water  permeation  into  pristine 
and  heat  treated  MWCNT  BP-1  samples.  The  plots  of  the  data  exhibited  a  good  linear 
relationship.  The  threshold  pressure  was  determined  as  -40.6  kPa  from  the  slope  and  intereept, 
aeeording  to  Equation  (19),  indieating  the  pressure  that  must  be  exeeeded  for  saturated 
infiltration.  By  substituting  the  experimental  threshold  pressure  into  Equation  (15),  we  ean 
eorreetly  calculate  the  saturated  permeability  values  for  each  individual  infiltration  experiment 
under  different  pressures  as  shown  by  the  hollow  dash  bar  in  Eigure  37.  The  measured 
permeability  under  different  pressures  remained  relatively  constant,  which  was  predicted  by 
Darcy’s  Eaw.  We  also  believe  that  for  a  specific  buckypaper  and  working  liquid  situation,  the 
threshold  pressure  should  be  constant  as  determined  by  its  nanoscale  pore  size  and  shape,  and 
their  interaction  with  working  fluid.  This  also  explains  the  inverse  relationship  between  higher 
applied  air  pressure  and  decreased  influence  of  the  interaction  component  (Equation  (15))  on 
permeability  estimates.  Only  corrected  permeability  will  be  used  in  the  following  discussion. 
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Figure  38.  Variation  of  flow  rate  of  water  vs.  applied  pressure  of  pristine  and  heat  treated  MWCNT  BP-1 

samples 

The  unsaturated  and  saturated  through-thiekness  permeabilities  of  buekypaper  were  4-6  orders  of 
magnitude  lower  than  earbon  fiber  reinforeement  with  about  60%  fiber  volume  fraetion,'^*’  whieh 
is  approximately  lx  10"'^  m^.  This  indieates  that  prolonging  a  low  viseosity  proeessing  window 
would  be  neeessary  for  resin  infiltration  into  and  expelling  trapped  air  from  the  buekypaper 
during  nanoeomposite  manufaeture.  The  unsaturated  permeability  was  lower  than  the  saturated 
permeability  for  buekypaper,  similar  to  what  has  been  observed  in  earbon  fabrie  preforms,'^' 
This  phenomenon  might  be  eaused  by  the  lubrieation  effeet  of  adsorbed  water  on  the  CNT 
surfaee  reducing  fluid  drag  in  saturated  infiltration.  Figure  38  shows  that  the  resultant  saturated 
permeabilities  of  the  pristine  buekypaper  and  heat  treated  buekypaper  were  1. 44x10"'^  m^  and 
1.87  xlO"'^  m^,  respectively.  Removal  of  surfactant  enhanced  both  the  saturated  and  unsaturated 
permeabilities  by  increasing  the  average  pore  diameter  and  overall  pore  volume. 

To  investigate  the  effects  of  buekypaper  thickness  on  permeability,  we  carried  out  permeability 
tests  by  using  MWCNT  BP-1  manufactured  with  thicknesses  of  40  and  80  pm.  Figure  39  shows 
the  plots  of  water  flow  rate  and  applied  pressure.  Thickness  affected  the  flow  rate  under  identical 
pressure  conditions  due  to  changes  in  the  flow  path  length.  Buckypapers  with  higher  thicknesses, 
and  therefore,  longer  flow  paths,  exhibited  lower  flow  rates  during  permeability  testing.  The 
permeability  of  the  MWCNT  BP-1  with  80  pm  thickness  was  measured  as  1.98  xlO"'^  m^,  close 
to  the  results  of  1.87  xlO'^^  m^  of  40  pm  thick  buekypaper.  This  indicated  that  buekypaper 
permeability  was  not  affected  by  its  thickness.  The  variation  in  buekypaper  preform  thickness 
did  not  change  nanoscale  pore  geometries  inside  the  mat,  which  was  different  from  reported  gas 
permeability  of  foam  film  with  nanoscale  pores. 
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Figure  39.  Variation  of  water  flow  rate  vs.  applied  pressure  for  the  MWCNT  BP-1  samples  with 

thieknesses  of  40  and  80  pm 

4.5  Nanoscale  Pore  Characteristics-Permeability  Relationships 

In  order  to  study  the  effects  of  pore  characteristics  on  permeability,  the  infiltration  behaviors  of 
four  different  types  of  buckypapers  were  compared,  which  are  shown  in  Figure  40.  The  flow  rate 
of  water  permeation  into  buckypaper  decreased  in  the  order  of  MWCNT  BP-3,  MWCNT  BP-1, 
MWCNT  BP-2  and  SWCNT  BP  under  the  same  experimental  conditions.  Table  8  shows  the 
resultant  permeabilities  of  different  buckypapers  as  calculated  from  Figure  40.  The  SWCNT  BP 
buckypaper  exhibited  the  lowest  permeability  of  2.42x10''^  m^,  which  was  two  orders  of 
magnitude  lower  than  the  MWCNT  buckypapers.  Three  MWCNT  buckypapers  displayed 
smaller  differences  in  permeability.  Among  them,  MWCNT  BP-3  had  the  highest  permeability 
of  2.40x10'^^  m^,  and  MWCNT  BP-2  provided  lowest  permeability  of  1. 07x10"'^  m^. 

The  surface  area,  pore  width  and  porosity  of  different  buckypapers  were  characterized  by  a  gas 
adsorption  analsysis.'^^  Figure  41  shows  the  Barrett,  Joyner  and  Halenda  pore  size  distribution 
for  different  buckypapers.  The  SWCNT  buckypaper  presented  a  much  narrower  distribution  of 
pore  widths  than  the  MWCNT  samples.  Table  7  lists  the  results  of  BET  surface  area,  average 
pore  width  and  porosity.  The  SWCNT  BP  exhibited  the  highest  BET  area  of  415.4  mVg  and  the 
smallest  pore  width  of  6.9  nm,  which  was  the  most  likely  reason  for  the  inhibition  of  liquid 
infiltration  and  low  permeability.  The  larger  pore  width  of  15.4  nm,  high  porosity  of  71.8%  and 
low  BET  area  of  161.5  mVg  of  MWCNT  BP-3  contributed  to  its  high  permeability. 
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Figure  40.  Plots  of  flow  rate  vs.  pressure  for  four  different  buckypapers 


Table  8.  Permeabilities  and  threshold  pressures  tested  by  different  liquids 


Water 

Acetone 

Epoxy-635/Acetone 

Permeability  (m-)  /  (C.V.) 

Threshold 

pressure  (kPa) 

Permeability  (m^)  /  (C.V.) 

Threshold  pressure 

(kPa) 

Permeability  (m-)  /  (C.V.) 

MWNTBP-1 

1.87xl0-n  (5.3%) 

-40.6 

1.83xl0-‘’  (9.5%) 

-14.5 

1.23x10-17(0.7%) 

MWNT  BP-2 

1.07xl0->’(2.2»/o) 

-21.0 

1.06x10-17(10.2%) 

-34.6 

7.38xl0-i*(2.1%) 

MWNT  BP-3 

2.40x10-1'(2.4%) 

3.41 

2.60x10-17(4.9%) 

9.15 

1.67x10-17(3.7%) 

SWNT  BP 

2.42xI0->i>(3.3%) 

56.8 

4.39x10-19(4.2%) 

91.2 

9.22xl0-“> 

a  Permeability  at  initial  stage  was  tested  under  applied  pressure  of  500  kPa. 
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Figure  41.  Barrett,  Joyner  and  Flalenda  pore  size  distribution  derived  from  the  gas  adsorption  analysis 


The  classical  microstructure -permeability  relationship  can  be  described  by  Kozeny-Carman 
equation'^"^, 


K  = 


(20) 


where  K  is  permeability,  s  is  porosity,  c  is  Kozeny  constant,  and  Sv  is  specific  surface  area  per 
unit  volume,  which  was  calculated  by  multiplying  BET  specific  surface  area  by  the  buckypaper 
bulk  density.  The  Kozeny  constant  is  a  factor  affected  by  pore  geometry  and  the  tortuosity  of 
flow  path.  This  constant  is  typically  assigned  a  value  of  5  based  on  an  assumption  of  a  packed 
bed  system  of  spherical  particles. However,  many  nanofiltration  results  have  shown  a  large 
variation  for  this  constant. By  applying  the  permeability,  porosity  and  surface  area  parameters 
of  the  buckypaper  samples  into  Equation  (21),  we  can  calculate  Kozeny  constants  as  8.1,  2.8  and 
7.0  for  MWCNT  BP-1,  MWCNT  BP-2  and  MWCNT  BP-3,  respectively.  These  results  were  in 
the  reported  range  of  2.2  to  9.0  for  filamentous  and  pelleted  mycelial  cultures  with  the  similar 
network  structures  by  Oolman.^^^  The  SWCNT  BP  had  a  Kozeny  constant  of  91.4,  most  likely  as 
a  result  of  smaller  pore  diameter  and  high  BET  area.  The  Kozeny  constant  was  influenced  by  the 
combination  of  the  pore  structural  parameters,  as  shown  in  Figure  42.  Earger  porosity,  larger 
surface  area  and  smaller  pore  width  appear  to  contribute  to  a  larger  Kozeny  constant. 
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Figure  42.  Pore  structural  parameters  and  Kozeny  constants  of  different  buckypapers 

In  summary,  the  effects  of  CNT  geometry,  heat  treatment,  porous  structures  and  type  of  working 
fluid  on  permeability  of  different  buckypaper  materials  were  studied.  We  found  that  the 
infiltration  behavior  into  the  buckypaper  was  in  agreement  with  Darcy’s  Law,  except  in  the  case 
of  epoxy  resin  solution  permeation  into  SWCNT  buckypaper.  Buckypaper  permeabilities  are  in 
the  order  of  magnitude  of  lO'^^lO'^^  m^,  which  are  46  orders  of  magnitude  lower  than  fiber 
reinforcements  (10"'^  m^)  preform.  This  is  most  likely  due  to  their  nanoscale  pore  characteristics. 
The  permeability  of  SWCNT  buckypapers  was  two  orders  of  magnitude  lower  than  MWCNT 
buckypapers.  Larger  pore  widths,  larger  porosity  and  smaller  surface  areas  contributed  to  a  larger 
permeability,  which  was  consistent  with  the  Kozeny-Carman  model.  The  Kozeny  constants  of 
buckypaper  were  well  correlated  with  tortuosity  of  flow  path  and  pore  characteristics.  SWCNT 
buckypaper  provided  the  largest  Kozeny  constant  because  of  its  long  and  narrow  pore  shape  and 
high  tortuosity.  When  using  water  and  acetone  as  the  working  fluids,  no  visible  difference 
resulted  in  the  permeability.  Epoxy  solutions  produced  lower  permeability  due  to  the  occurrence 
of  pore  blockage  from  molecular  filtering.  In  addition,  the  threshold  pressure  of  liquid  infiltration 
for  buckypaper  materials  can  be  either  negative  or  positive  depending  on  their  pore 
characteristics.  Those  fundamental  understanding  of  permeability  properties  of  CNT  networks 
with  nanoscale  porous  structures  is  essential  for  developing  nanocomposite  manufacturing 
process  which  will  be  discussed  in  the  following  sections. 
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4.6  Manufacturing  Challenges  of  CNT Buckypaper/CF  Hybrid  Composites 

We  studied  the  use  of  CNT  thin  fdm  or  buekypaper,  integrated  into  carbon  fiber  (CF)  prepreg 
composites  to  create  hybrid  composite  materials  to  achieve  high  CNT  content  while  maintaining 
the  outstanding  mechanical  properties  of  CF  composites.  The  autoclave  process  of 
manufacturing  hybrid  composite  laminates  was  investigated  to  gain  an  understanding  of 
nano/micro  dual-scale  resin  flow  characteristics  and  impregnation  mechanisms.  Tensile 
properties  and  failure  modes  of  the  resultant  composites  were  studied.  The  study  found  that  resin 
bleeding  along  the  through-thickness  direction  was  inhibited  due  to  extra-low  permeability  and 
high  resin  absorbing  capacity  of  the  buekypaper,  which  was  the  major  contributing  factor  to  void 
formation  and  resin  starvation  defects  in  resultant  buckypaper/CF  hybrid  composites.  Resin 
matrix-impregnated  buekypaper  layers  were  much  thicker  than  dry  pristine  buekypaper  due  to 
high  resin  absorbency  and  swelling  effects.  The  increase  of  buekypaper  content  reduced  the 
global  fiber  concentration  but  increased  the  global  resin  concentration  in  the  hybrid  composites. 
Control  and  hybrid  composites  showed  similar  fiber  volume  fractions  in  the  carbon  fiber  plies. 
The  buckypaper/unidirectional  (UD)  carbon  fiber  hybrid  composites  with  local  fiber  volume  had 
comparable  tensile  moduli  and  strength  as  the  control  samples,  but  demonstrated  significant 
improvements  in  failure  strain.  The  dramatic  improvements  in  both  in-plane  and  through¬ 
thickness  electrical  conductivities  demonstrate  potential  for  both  structural  and  multifunctional 
applications  of  the  resultant  hybrid  composites. 

4. 7  Experimental 

4. 7. 1  Materials 

Nanocomp  Technologies  (NH,  USA)  supplied  the  CNT  sheets,  which  were  1015pm  thick,  with 
an  areal  density  of  approximately  9.7g/m^.  Cytec  Engineered  Materials  (Woodland  Park,  USA) 
supplied  the  unidirectional  IM7/CYCOM®  5250-4  prepreg,  which  had  an  areal  density  of  210 
g/m^  and  a  resin  content  of  '-'32  wt%.  In  addition,  we  also  used  IM7  GP-6k  plain  weave  fabric  in 
the  study.  The  fabric  prepreg  was  manufactured  with  a  CYCOM  890  resin  system,  which  is  a 
low  viscosity  epoxy  resin  with  a  long  shelf  life.  This  fabric  prepreg  was  made  in-house  by 
infusing  CYCOM  890  resin  into  the  fabrics.  IM7  GP-6k  plain  weave  fabric  with  an  areal  density 
of  190  g/m^  was  purchased  from  Textile  Products,  Inc.  (Anahiem,  USA).  A  single  layer  of 
carbon  fabric  was  vacuum-bagged  in  a  flat  steel  mold.  The  assembly  was  placed  in  an  oven  and 
CYCOM  890  resin  was  infused  at  80  °C.  After  the  fabric  was  completely  impregnated,  the 
prepreg  was  harvested  and  stored  in  a  refrigerator  for  hybrid  composite  fabrication. 

Fabrication  of  BP/CF  interply  hybrid  composites 

Buekypaper’ s  nanoscale  porous  structures  and  large  surface  area  resulted  in  a  very  low 
permeability  relative  to  unidirectional  carbon  fiber  tapes  and  carbon  fabrics  as  discussed  in 
Sections  4. 1-4.5.  This  phenomenon  presents  major  challenges  for  making  high  quality 
composites  using  buekypaper  or  CNT  materials.  Two  methods  were  used  to  prepare  the  BP/CF 
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interply  hybrid  composites  to  study  the  behavior  of  resin  flow  and  impregnation  within  the 
buckypaper  and  earbon  fiber  layers.  Table  9  shows  the  sample  layup  design.  These  two  processes 
were  denoted  as  “dry  buckypaper  lay-up  proeess”  and  “buekypaper  prepreg  lay-up  proeess,” 
respeetively.  Figure  33  shows  the  manufaeturing  process  of  the  hybrid  composite.  Carbon  fiber 
unidireetional  prepreg  or  fabric  prepreg  were  used  in  both  methods  to  study  their  effeets  on  the 
manufacturing  processes. 

In  the  dry  buekypaper  lay-up  proeess,  earbon  fiber  prepreg  and  dry  buckypaper  materials  were 
laminated  aeeording  to  a  designed  staeking  sequenee  on  a  steel  mold.  The  overall  lay-up 
sequenee  from  the  bottom-to-top  on  the  mold-surfaee  was  in  the  following  order:  release  film, 
interply  hybrid  structure  made  of  alternating  earbon  fiber  and  buekypaper  layers,  peel  ply,  eaul 
plate,  breather  and  vacuum  bagging  film.  The  assembly  was  finally  vacuum-bagged  under  a  full 
vacuum  to  expel  air.  BP/CF  hybrid  eomposites  were  eured  using  an  autoelave  proeess  following 
the  CYCOM  5250-4  or  CYCOM  890  euring  sehedules.  A  vaeuum  was  applied  to  the  final 
assembly  for  1  hour  before  starting  the  euring  and  venting  when  the  pressure  reaehed  207  kPa. 
By  heating  and  applying  pressure  to  the  assembly  during  the  autoelave  proeess,  the  resin  in  the 
earbon  fiber  prepreg  was  foreed  to  flow  into  the  adjaeent  dry  buekypaper  layer  eausing  through- 
thiekness  impregnation.  The  euring  sehedule  of  CYCOM  5250-4  was  modified  to  allow  a  longer 
period  of  time  at  121  °C,  which  was  used  to  keep  the  resin  with  a  low  viscosity  for  promoting 
resin  flow  from  the  earbon  fiber  prepreg  into  dry  buekypaper.  The  eomposites  using  CYCOM 
5250-4  resin  was  eured  at  177  ‘’C  and  0.69  MPa  for  6  hours,  following  by  a  post-eure  proeess  at 
227  “C  for  4  hours.  The  composites  using  CYCOM  890  resin  was  eured  at  180  “C  and  0.69  MPa 
for  3  hours. 

For  the  buekypaper  prepreg  lay-up  proeess,  pre-impregnated  buekypapers  were  prepared  prior  to 
eomposite  manufaeturing.  Figure  33  shows  in-house  made  large  size  BP/CYCOM  5250-4 
prepreg.  The  lay-up  sequenee  for  the  autoelave  manufacturing  process  was  identieal  to  the  dry 
buckypaper  lay-up  proeess  for  all  hybrid  eomposite  fabrieation.  The  resin  matrix  was  partially 
eured  during  buckypaper  prepreg  preparation,  so  the  low  temperature  stage  was  skipped  during 
the  euring.  The  final  sample  panel  size  was  200x250  mm^,  as  shown  in  Figure  33. 

4.7.3  Characterization 

Tensile  property  tests  were  eondueted  following  the  ASTM  D  3039  standard  using  an  MTS 
Landmark  test  system.  A  non-eontaet  video  extensometer  monitored  and  reeorded  the  speeimen 
strain  to  ealeulate  the  tensile  modulus.  The  speeimens  for  BP/CF  unidireetional  and  fabrie  hybrid 
samples  were  prepared  in  the  dimensions  of  15x250  mm^  and  25x250  mm^,  respeetively.  The 
eontrol  samples  were  the  same  sizes  as  their  eorresponding  BP/CF  hybrid  eounterparts.  E-glass 
fiber  reinforeed  epoxy  tabs  were  used  for  the  testing  samples.  The  crosshead  speed  of  the  test 
maehine  was  Imm/min.  The  SEM  samples  were  cut  using  a  diamond  blade.  Speeimen  eross 
seetions  were  produced  by  grinding  with  1200  grit  sandpaper  and  polished  using  3  pm  diamond 
suspension  on  a  polishing  maehine.  The  sample  surfaee  was  eoated  with  a  gold  layer  and 
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observed  using  a  SEM  machine  (JEOL  JSM-7401E  EiSA,  Inc.).  Electrical  conductivity  was 
measured  via  a  two-point  method  with  the  specimen  dimension  of  5x1  cm^.  The  two  ends  of  the 
sample  were  polished  and  electrodes  were  connected  using  silver  paste  for  better  electrical 
contact  conduction  during  the  measurements. 


Table  9.  Structural  parameters  of  BP/CE  interply  hybrid  composite 


BP/UD-CF-1 

BP/UD-CF-2 

UD-CFRP 

Control 

BP/PW-CF-1 

PW-CFRP 

control 

BP 

control 

Lay-up 

[BP/CF/BP/C 

F/BP/CF]s 

LBP2/CF/BP2/ 

CF/BP2/CF]s 

[0]6 

[BP/CF/BP/CF/B 

P/CF/BP]s 

[CF]6 

[BP]6 

Thickness 

(mm) 

0.80 

1.02 

0.81 

1.23 

1.07 

0.11 

Density 

(g/cmh 

1.56 

1.52 

1.57 

1.56 

1.58 

1.42 

Global  fiber 
content  (wt%) 

56.29 

45.46 

66.46 

69.40 

77.75 

— 

Global  CNT 
content  (wt%) 

4.95 

7.99 

0 

3.02 

0 

40.98 

Global  matrix 
content  (wt%) 

38.76 

46.55 

33.54 

27.58 

22.25 

59.02 

Local  fiber 

volume 

fraction  in  CF 

61.46 

54.25 

58.51 

59.96 

59.86 

— 

ply  (v%) 

Local  CNT 

volume 

fraction  in  BP 

26.57 

28.60 

— 

30.14 

— 

35.70 

ply  (v%) 

Process 

BP  prepreg 
lay-up  process 

BP  prepreg 
lay-up  process 

— 

Dry  BP  lay-up 
process 

— 

— 

Type  of  CF 

UD 

UD  IM7/5250- 

UD  IM7 

PW  IM7/Cycom 

PW  IM7/Cycom 

prepreg 

IM7/5250-4 

4 

/5250-4 

890 

890 
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4.8  New  Resin  Flow  Behavior  and  Manufacturing  Challenges  in  Autoclave  Process  for 
BP/C F  Hybrid  Composites 

4.8.1  Extra-low  permeability  of  CNT  buckypaper  eliminated  through-thickness  resin  flow 

During  conventional  fiber  laminated  composite  autoelave  proeessing,  the  predominant  resin  flow 
oecurred  along  the  through-thiekness  direction  within  the  fiber-reinforeed  laminates. This 
resin  flow  is  governed  by  resin  rheology,  the  through-thickness  permeability  and  process 
pressure  of  the  reinforcement  networks  following  Darcy’s  Law.  In  the  case  of  the  buckypaper 
and  carbon  fiber  interply  hybrid  composites,  resin  flow  oceurred  in  both  nanoseale  and 
microscale  pores  during  the  autoelave  proeess.  The  earbon  fiber  network  primarily  has  a 
mieroseale  pore  strueture,  and  the  buekypaper  layers  predominately  have  a  nanoscale  pore 
strueture,  leading  to  large  differenees  in  permeability.  The  through-thiekness  permeability  of 
buckypaper  has  been  measured  to  be  on  the  order  of  10-^^  to  10'^^  m^  (see  Sections  4. 2-4. 

This  is  about  four  to  six  orders  of  magnitude  lower  than  eonventional  carbon  fiber 
reinforcements  with  about  60%  fiber  volume  fraetion,  which  is  approximately  10'^^  m^.  Despite 
the  low  permeability,  the  buckypaper  absorbed  and  retained  a  large  amount  of  resin  during  the 
autoclave  euring  proeess.  This  is  likely  caused  by  a  strong  eapillary  pressure  for  resin  inhibitions 
due  to  an  average  nanoseale  pore  width  of  11.66  nm  in  the  buckypaper  layer,  based  on  BET 
test.'°^’^^"^  According  to  the  Young-Laplace  equation,'^®  the  capillary  pressure  is  in  inverse 
proportional  relationship  to  the  effective  mean  pore  diameter.  The  diameter  of  IM7  fiber  was  5.2 
pm.  The  effeetive  mean  pore  diameter  of  earbon  fiber  perform  was  ealculated  as  approximately 
3.5pm  at  fiber  volume  fraetion  of  60%,  whieh  was  much  higher  than  the  nanoseale  radius  of  the 
CNT  network. This  nanoseale  pore  size  of  the  CNT  sheet  was  most  likely  the  eause  of 
extremely  high  capillary  pressure.  CNTs  were  randomly  oriented  in  the  sheet,  which  resulted  in 
small  contact  areas  between  the  individual  CNTs  or  their  bundles  and  small  van  der  Waals 
interactions  at  those  junetions.  The  low  viscosity  resin  at  the  evaluated  processing  temperature 
eould  possibly  infiltrate  between  these  CNT  contaet  areas  leading  to  swelling  of  the  CNT  layer, 
and  further  redueing  the  CNT/CNT  contact  area^^^. 

The  buckypaper  imbibition  behavior  and  swelling  effects  were  illustrated  by  the  dramatic 
increase  in  thickness  during  resin  impregnation  of  the  buckypaper  layers  under  different 
proeessing  conditions.  Figure  43  shows  the  suggested  resin  flow  mechanism  in  the  dry 
buekypaper  lay-up  process.  With  inereasing  temperature,  the  resin  viseosity  decreased  and 
allowed  the  resin  to  infiltrate  into  the  buckypaper  under  the  combined  effects  of  capillary  forces 
and  applied  pressures.  Figure  43b  shows  this  phenomenon.  At  this  stage,  through-thiekness  resin 
infiltration  from  carbon  fiber  prepregs  to  dry  buckypapers  beeame  the  main  form  of  resin  flow. 
Simultaneously,  the  carbon  fiber  plies  were  gradually  eompaeted  as  the  resin  flowed  into  the 
buckypaper.  Due  to  buckypaper’ s  extremely  low  permeability,  it  was  more  difficult  for  resin  to 
flow  through  the  buckypaper  than  the  carbon  fiber  layer.  From  the  SEM  observations  of  the 
testing  samples,  the  thicknesses  ratio  of  earbon  fiber  layer  to  buekypaper  layer  was 
approximately  5:1,  and  thus  the  ealculated  saturated  flow  rate  through  earbon  fiber  layer  was 
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almost  2000  times  faster  than  that  through  buekypaper  layer,  aeeording  to  a  simple  estimation  of 
one-direetion  flow  from  Darey’s  Law.  Resin  bleeding  along  the  through-thickness  direction  of 
laminates  was  largely  inhibited  by  buekypaper  layers,  as  show  in  Figure  44.  After  the 
buekypaper  was  fully  impregnated,  the  resin  must  bleed  out  at  the  laminate  edges,  as  shown  in 
Figure  43(c),  and  the  carbon  fiber  layer  could  be  further  compacted  due  to  the  resin  edge 
bleeding.  The  buekypaper  selected  for  our  research  had  a  specific  surface  area  of 
approximatelyl79.2  mVg,  which  was  orders  of  magnitude  higher  than  IM7  carbon  fiber  with  a 
specific  surface  area  of  approximately  1 .4  mVg.  The  high  specific  surface  area  of  buekypaper 
easily  led  to  entrapment  of  the  absorbed  resin.  In  the  case  of  using  buekypaper  prepreg  in  the 
hybrid  composite,  the  predominant  resin  flow  behavior  was  in-plane  bleeding  within  the  carbon 
fiber  layers,  as  displayed  in  Figure  43(c),  due  to  the  extra-low  permeability  of  the  buekypaper 
layer  inhibiting  the  through-thickness  flow. 


Applied  pressure 


Figure  43.  Resin  flow  model  in  autoclave  processing  for  BP/CF  interply  hybrid  composite  fabrication:  (a) 
initial  hybrid  stmcture  layup, (b)  resin  flow  along  through-thickness  direction  into  dry  buekypaper,  and 
(c)resin  bleeding  out  from  the  sides  of  the  carbon  fiber  prepreg  layer  after  full  impregnation  of  the 

buekypaper 
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Resin  bleeding 


Figure  44.  Comparison  of  through-thickness  resin  flow  during  autoclave  process  of  the 
buckypaper/CF  hybrid  laminate  composites  (the  two  without  red  color  resin  marks  in  the  middle)  and 
their  control  sample  (CF  prepreg  laminates  with  uniform  red  resin  marks  in  the  middle) 

4.8.2  Resin  starvation  in  carbon  fiber  layer  and  strong  resin  absorption  ofbuckypaper  layer 

Figure  45  shows  the  typieal  defects  observed  in  the  hybrid  composites.  These  defects  were  found 
to  closely  correlate  to  the  measured  resin  and  buckypaper  contents.  We  chose  different  types  of 
buckypapers  and  lay-up  designs  to  achieve  2040  wt%  global  resin  contents  and  320  wt%  global 
CNT  contents.  The  composite  quality  was  evaluated  by  SEM  analysis.  Resin-starved  regions  and 
voids  were  found  to  be  the  most  common  defects  in  the  BP/CF  hybrid  composite.  The  resin- 
starvation  defects  were  directly  related  to  the  high  resin  absorbency  of  the  buckypaper  layers, 
especially  for  the  dry  buckypaper-based  hybrid  laminates.  From  the  resultant  cross-sectional 
morphology,  shown  in  Figure  45d,  when  global  resin  content  was  lower  than  30  wt%,  resin- 
starvation  defects  tended  to  appear  within  the  carbon  fiber  laminas.  This  type  of  defect  is  due  to 
stronger  capillary  forces  in  the  buckypaper  layers  compared  to  that  of  the  carbon  fiber  networks 
-  a  result  of  the  nanoscale  capillary  radius  of  buckypaper.  The  resin  was  absorbed  into  the 
buckypaper  layer,  leading  to  CF  layer  resin-starvation.  When  resin-starvation  defects  occurred, 
no  resin  bleeding  was  observed  at  the  laminate  edges  during  fabrication  process. 
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Figure  45.  Effects  of  buckypaper  layer  and  resin  content  of  CF  prepreg  on  typical  defect  formation  in 

BP/CF  hybrid  composites 


4.8.3  Void  formation  in  carbon  fiber  layers  due  to  flow  barrier  effect  of  buckypaper  layers 

Defect  formation  was  closely  related  to  the  resin  impregnation  mechanism  during  the  autoclave 
process.  As  shown  in  Figures  43  and  44,  the  resin  was  absorbed  by  the  buckypaper  from  the 
carbon  fiber  layers  until  the  buckypaper  was  saturated.  Void  defects  were  formed  due  to  the 
excessive  resin  bleeding  out  from  carbon  fiber  layers.  Meanwhile,  under  vacuum  pressure  during 
the  autoclave  process,  the  volatiles  in  the  resin  were  likely  to  start  boiling  and  push  more  resin 
bleeding  away  from  the  carbon  fibers  as  a  result  of  gas  bubble  formation  and  movement, also 
resulting  in  creating  voids.  Adequate  resin  bleeding  is  critical  for  bubble  transport  out  of  the 
composite  laminate  to  reduce  voids  content.  Low  buckypaper  permeability  and  resin-starvation 
in  the  CF  layers  inhibited  resin  flow  and  the  transport  of  bubbles  out  of  the  composite  layup.  The 
hybrid  composite  with  a  global  resin  content  of  25  wt%  and  buckypaper  content  of 
approximately  20  wt%  showed  a  porosity  of  14.1  vol.%  (Figure  45a).  When  CNT  content 
exceeded  10  wt%,  resin  flow  was  significantly  inhibited,  and  buckypaper  acted  as  a  barrier  to  the 
through-thickness  flow  due  to  its  low  permeability.  In  such  cases,  as  shown  in  Figure  45(b), 
bubbles  in  carbon  fiber  layers  were  not  able  to  be  expelled,  resulting  in  a  high  void  content.  In 
contrast  to  the  CF  layers,  SEM  examination  indicated  that  the  buckypaper  laminas  were  usually 
fully  impregnated  without  visible  defects.  With  the  decrease  of  buckypaper  content  to 
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approximately  10  wt%,  the  porosity  deereased  to  2.7  vol.%  (Figure  45e).  When  global  resin 
content  further  increased  to  30  wt%,  the  porosity  decreased  to  1.0  vol.%,  as  shown  in  Figure 
45(e).  Under  these  conditions,  visible  resin  bleeding  at  the  sample  edge  was  typically  observed. 
For  Table  9  the  unidirectional  hybrid  composites  for  tensile  tests  were  prepared  by  using 
buckypaper  prepreg  lay-up  process,  and  the  fabric  hybrid  composites  were  prepared  by  using  dry 
buckypaper  lay-up  process.  All  these  samples  had  porosity  lower  than  1.5%. 

4.9  Aerospace-grade  Quality  of  CNT B P/C F Hybrid  Composites 

Figure  46  shows  the  typical  cross-sectional  morphology  of  buckypaper  and  unidirectional  carbon 
fiber  hybrid  composite  BP/UD-CF-1,  longitudinally  and  transverse  to  the  fiber  axial  direction. 
The  hybrid  composite  had  a  global  CNT  content  of  4.95  wt%  and  exhibited  good  overall  quality. 
The  interply  hybrid  structure  was  clearly  observed  in  the  hybrid  composites.  Both  carbon  fiber 
and  buckypaper  layers  were  fully  impregnated  with  resin.  The  buckypaper  layers  were  laminated 
between  adjacent  carbon  fiber  layers  without  observable  resin  rich  areas. 

Figure  47  also  displays  a  high  quality  BP/CF  fabric -1  hybrid  composite.  A  wave  structure  of  the 
buckypaper  could  be  seen  as  it  conformed  to  the  surface  texture  of  the  adjacent  carbon  fabric 
woven  structure.  An  interesting  phenomenon  was  found  that  the  impregnated  buckypaper  layer 
showed  an  average  thickness  of  25±2)j,m,  which  was  double  the  1015  pm  thickness  of  the  dry 
pristine  buckypaper.  For  both  unidirectional  and  fabric  layups,  the  measured  thicknesses  of  the 
cured  buckypaper  layers  within  the  hybrid  structures  were  very  consistent.  This  suggests  that  the 
buckypaper  swelled  during  resin  impregnation,  as  previously  discussed,  acting  like  a  carbon 
nanotube  sponge^^^’^^^  to  absorb  and  hold  the  resin  molecules.  This  is  most  likely  due  to  the 
nanoscale  porous  structure  and  large  surface  area  of  the  carbon  nanotube  network. 
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Figure  46.  Cross-section  morphologies  of  BP/UD-CF-linterply  hybrid  composites  using  prepreg 
buckypaper  in  (a)  fiber  axial  and  (b)  transverse  directions 
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Figure  47.  Cross-section  morphologies  of  BP/CF  fabric- 1  interply  hybrid  composite  using  dry  buckypaper 

Figure  48  compares  the  cross-section  morphologies  of  the  hybrid  composites  BP/UD-CF-1  with 
4.95  wt%  and  BP/UD-CF-2  with  7.99  wt%  global  CNT  content.  The  stacking  sequences  of 
BP/UD-CF-1  and  BP/UD-CF-2  were  [BP/CF/BP/CF/BP/CF/BP/CF/BP/CF/BP]  and 
[BP2/CF/BP2/CF/BP2/CF/BP2/CF/BP2/CF/BP2],  respectively.  The  BP/UD-CF-2  sample 
exhibited  a  buckypaper  thickness  of  50±3  pm,  which  was  approximately  twice  the  thickness  of 
the  single-layer  buckypaper  in  the  BP/UD-CF-1  sample,  showing  consistent  resin  absorbency 
and  swelling  properties  of  the  buckypaper. 


(a)  (b) 


Figure  48.  Cross-section  morphology  of  hybrid  composites:  (a)  BP/UD-CF-1  with  a  global  CNT  content 
of  4.95  wt%  and  (b)  BP/UD-CF-2  with  a  global  CNT  content  of  7.99  wt  %. 

The  hybrid  composite  possessed  a  higher  global  matrix  content  than  the  control  samples  for  both 
unidirectional  and  fabric  reinforced  composites  cases.  For  instance,  BP/UD-CF-1  hybrid 
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composite  had  a  global  resin  content  of  38.76  wt%,  which  was  greater  than  the  33.54  wt%  of  the 
control  sample.  This  differenee  was  due  to  the  high  absorbency  and  swelling  of  buekypaper 
material,  whieh  allowed  the  hybrid  strueture  to  retain  more  resin  than  the  eontrol  samples 
reinforced  by  earbon  fiber  alone.  The  low  permeability  of  buekypaper  layers  also  largely  redueed 
the  resin  bleeding  during  the  proeess,  leading  to  high  resin  eontent  in  the  hybrid  eomposites. 
With  the  doubling  of  buekypaper  layers  in  BP/UD-CF-2,  we  inereased  CNT  eontent  and  also 
inereased  the  resin  eontent  in  the  final  hybrid  eomposite.  The  global  resin  eontent  of  the  BP/UD- 
CF-2  sample  rose  to  46.55  wt%.  Both  eontrol  and  hybrid  eomposites  showed  similar  fiber 
volume  fraetions  in  the  earbon  fiber  plies,  whieh  were  approximately  60  vol.%.  The  loeal  CNT 
volume  fraetions  in  buekypaper  plies  were  deeided  by  its  resin  absorbent  eapaeity,  whieh  were 
about  30  vol.%  for  the  experimental  buekypaper. 

4.10  Tensile  Properties  and  Failure  Modes  of  CNT  B P/C F  Hybrid  Composites 

Figure  49  shows  the  typieal  stress-strain  eurves  of  the  BP/UD-CF  hybrid  eomposites,  the  BP/CF 
fabric  hybrid  composites  and  the  corresponding  CF  eontrol  and  buekypaper  eomposites. 
Buekypaper  eomposites  were  reinforeed  by  buekypaper  alone  as  an  additional  eontrol  sample. 
For  the  buekypaper  control  sample,  the  buekypaper  was  first  dipped  into  BMI5250-4/aoetone 
solution,  and  then  aeetone  was  vaporized  in  a  vaeuum  oven  at  80  °C.  The  buekypaper  eomposite 
was  eured  following  the  same  sehedule  as  buekypaper  prepreg  lay-up  proeess.  The  eontrol 
unidireetional  samples  showed  a  linear  elastic  behavior  until  the  stress  reaehed  their  maximum  or 
peak  load.  Before  reaehing  the  peak  load,  an  audible  eraeking  sound  was  heard  due  to  the  eraek 
growth.  Once  the  peak  load  was  reached,  the  sample  failed  via  brittle  fractures.  Buekypaper 
composites  solely  reinforced  by  randomly  oriented  buekypaper  with  a  CNT  volume  fraetion  of 
35.7  vol.%  exhibited  a  different  stress-strain  profile,  as  shown  in  Figure  49.  As  the  strain 
inereased,  the  stress-strain  curve  deviated  from  the  linear  proportionality,  and  the  material 
reaeted  plastieally.  This  is  likely  eaused  by  CNT  re-orientation  under  tensile  loading  and 
slippage  at  the  CNT  and  resin  interfaee.’  The  random  buekypaper  eomposite  showed  lower 
meehanieal  properties  due  to  the  laek  of  alignment  and  their  weak  interfaee  strength  with  the 
resin  matrix.  After  hybridizing  buekypaper  with  unidireetional  earbon  fiber,  the  resultant 
eomposites  exhibited  a  typieal  hybrid  effeet  to  have  the  properties  between  the  buekypaper 
eomposite  and  CF  eontrol  sample.  Table  10  shows  the  tensile  strength  and  modulus.  BP/UD-CF- 
1  sample  with  a  global  CNT  eontent  of  4.95  wt%  had  exeellent  tensile  strength  and  modulus  of 
2519±101  MPa  and  149±18  GPa,  respeetively,  whieh  were  very  elose  to  the  eontrol  samples 
with  2626±187  MPa  and  159±24  GPa  values.  The  random  CNT  buekypaper  eomposite  sample 
had  tensile  strength  and  modulus  of  331±25  MPa  and  18±2  GPa.  Godara  also  reported  a  much 
larger  deerease  in  tensile  behavior  of  CNT/UD  laminates  in  the  fiber  direetion.  The  reported  UD- 
laminate  was  prepared  by  using  epoxy  resin  mixed  with  a  global  CNT  eontent  of  0.5  wt%,  and  a 
deerease  of  tensile  strength  of  up  to  20%  was  observed.  The  strength  deerease  was  explained  by 
the  stiffening  effect  of  CNTs  on  matrix.  Different  from  the  UD-laminate  with  homogeneously 
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dispersed  CNTs,  the  fracture  of  interply  hybrid  composite  initiated  from  the  interface  between 
CF  and  buckypaper  plies. 

The  CF  fabric  control  composite  had  a  tensile  strength  and  modulus  of  960±27  MPa  and  78±4 
GPa,  respectively.  Its  hybrid  sample  stress-strain  curve  shifted  slightly  toward  the  larger  strain  at 
the  tensile  stress  around  700  MPa,  as  shown  in  Figure  49.  This  was  likely  due  to  initiation  of 
delamination  between  carbon  fabric  and  buckypaper  layers.  This  hybrid  composite  showed 
strength  and  modulus  of  929±31  MPa  and  71±5  GPa,  which  was  also  close  to  the  corresponding 
control  sample.  Figure  50  shows  the  failure  modes  of  the  BP/CF  fabric  hybrid  composite  and 
corresponding  control  samples.  The  failure  of  the  hybrid  composite  (Figure  50a)  showed  cross- 
sectional  expansion,  which  was  accompanied  by  a  cracking  sound,  likely  related  to  delamination 
between  buckypaper  and  carbon  fiber  layers.  In  contrast,  the  thickness  of  the  fabric  control 
sample  (Figure  50b)  did  not  show  any  visible  change  prior  to  fracture,  and  a  typical  localized 
lateral  brittle  fracture  of  the  specimen  was  observed. 


Figure  49.  Typical  tensile  stress-strain  curves  of  (a)  BP/UD-CF  and  (b)  BP/CF  fabric,  as  well  as 

buckypaper  and  carbon  fiber  control  samples 


Table  10.  Tensile  performances  of  BP/CF  hybrid  composites  and  corresponding  control  samples 


Sample 

Global  CNT  content  (wt%) 

Tensile  strength  (MPa) 

Tensile  modulus  (GPa) 

BP/UD-CF- 1 

4.95 

2519±101 

149±18 

BP/UD-CF-2 

7.99 

1966±94 

109±9 

UD-CFRP  (Control) 

0 

2626±187 

159±24 

BP/PW-CF-1 

3.02 

929±31 

71±5 

PW-CFRP  (Control) 

0 

960±27 

78±4 

BP  composite  (Control) 

40.98 

331±25 

18±2 
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(a)  (b) 

Figure  50.  Comparison  of  failure  process  and  modes:  (a)  BP/CF  fabric  hybrid  composite  and  (b)  CF 

fabric  control  sample 


Figure  51  displays  the  failure  modes  of  the  unidireetional  and  fabric  reinforced  composites 
control  samples.  Figure  51(c)  depicts  the  explosive  failure  mode  of  the  unidirectional  control 
sample,  as  described  by  tensile  test  failure  code  XGM,  according  to  ASTM  D3039.  In  contrast, 
delamination  was  the  predominant  failure  mode  for  BP/UD-CF  hybrid  composites  with 
fragmentation  of  the  specimens,  as  shown  in  Figure  51(a)  and  (b),  which  were  consistent  with 
the  failure  code  DGM.  The  sizes  of  the  broken  pieces  were  larger  with  the  increasing  CNT 
content,  indicating  an  easier  crack  propagation  for  the  high  CNT  content  specimens.  For  the 
BP/CF  fabric  composites,  the  laminates  delaminated  and  fractured  in  multiple  locations,  as 
shown  in  Figure  51(d).  A  DGM  failure  mode  was  observed.  The  CF  fabric  control  composite 
samples  failed  as  a  LGM  mode.  The  failure  modes  of  hybrid  composites  suggest  that 
improvement  of  interfacial  bonding  of  BP  materials  is  essential  in  future  studies. 


72 


DISTRIBUTION  A:  Distribution  approved  for  pubiic  reiease 


(a)  (b)  (c)  (d)  (c) 


Figure  51.  Typical  specimen  failure  modes  of  (a)  BP/UD-CF-1  with  a  global  CNT  content  of  4.95  wt%, 
(b)  BP/UD-CF-2  with  a  global  CNT  content  of  7.99  wt%,  (c)  UD-CFRP  control,  (d)  BP/CF  fabric-1  with 
a  global  CNT  content  of  3.01  wt%,  and  (e)  CF  fabric  control 

The  tensile  modulus  of  hybrid  composites  was  estimated  by  using  a  rule  of  mixtures. 


F  =  F  V  +F  V 

where  ECF  and  EBP  are  the  moduli  of  the  carbon  fiber  and  buckypaper  layers  in  composites, 
respectively.  VCF  and  VBP  are  the  volume  fractions  of  carbon  fiber  and  buckypaper  layers.  For 
the  BP/UD-CF-1  sample,  the  thicknesses  of  the  carbon  fiber  and  buckypaper  layers  were 
measured  by  examining  SEM  images  as  126±6  pm  and  25±2  pm,  respectively.  The  ratio  of  VCF 
and  VBP  was  approximately  5:1.  By  substituting  the  moduli  of  the  buckypaper  and  carbon  fiber 
control  samples,  the  predicted  hybrid  composite  modulus  was  calculated  as  135.5  GPa,  based  on 
Eq.  (22),  which  was  in  the  10%  variation  range  of  experimental  results  of  149±18GPa. 


To  further  improve  interfacial  bonding  property  of  CNT/BMI  in  the  hybrid  composites,  we 
further  functionalized  CNT  buckypapers  to  make  F-BP/UD-CF-1  samples.  Figure  52  shows  the 
tensile  results  indicating  that  with  functionalization,'^  we  can  further  improve  the  mechanical 
properties  of  the  hybrid  samples.  The  functionalized  hybrids  show  not  only  the  comparable 
tensile  properties  compared  to  the  control  of  CF  and  corresponding  hybrid  laminates,  but  also 
early  100%  increase  of  failure  strain. 
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Figure  52.  Substantial  increase  of  functionalized  buckypaper/CF  hybrid  composites 


Figure  53  shows  that  the  funetionalized  CNT  layers  aeted  as  effeetive  toughening  media  to  arrest 
mieroeraeks  in  the  hybrid  eomposites  to  improve  the  failure  strain. 


Figure  53.  Functionalized  CNT  buckypaper  layers  as  effective  toughening  media  to  arrest  microcracks  in 

the  hybrid  composites 
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4.11  High  Electrical  Conductivity  of  CNT  BP/CF  Hybrid  Composites 

Table  1 1  shows  the  eleetrieal  eonduetivities  of  BP/CF  hybrid  and  eontrol  eomposite  samples. 
The  in-plane  eleetrieal  eonduetivity  in  UD-CF  axial  direetion  of  eontrol  sample  was  93.5  S/em. 
After  applying  4.95  wt%  CNTs,  the  eleetrieal  eonduetivity  of  BP/UD-CF-1  inereased  to  258.4 
S/em.  BP/UD-CF-2  showed  an  eleetrieal  eonduetivity  of  306.8  S/em  with  a  higher  global  CNT 
eontent  of  7.99  wt%.  The  enhaneement  of  eleetrieal  eonduetivity  resulted  from  the  superior 
eleetrieal  eonduetivity  of  neat  buekypaper,  whieh  was  measured  as  approximately  855  S/em. 
Fiber  transverse  direetion  and  out-of-plane  eleetrieal  eonduetivities  of  the  hybrid  eomposites 
showed  even  better  improvements,  whieh  benefitted  from  both  high  eleetrieal  eonduetivity  of 
buekypaper  and  its  bridging  effeet  to  the  adjaeent  earbon  fibers.  The  BP/CF  fabrie  eomposite 
showed  the  same  tendeney  as  unidireetional  eomposites.  In  general,  the  eleetrieal  property 
improvements  in  BP/UD-CF  hybrid  eomposites  were  mueh  better  than  that  of  CF  fabrie  ease. 
That  ean  be  explained  by  their  mierostrueture  differenees.  For  the  UD-CF  eases,  the  buekypaper 
layers  effeetively  eliminated  resin  rieh  layers  in  the  hybrids  eompared  to  the  eontrol  samples. 
However,  for  CF  fabrie  samples,  the  bridging  effeets  of  the  buekypaper  layer  were  not  so 
signifieant  sinee  the  earbon  fabries  had  mueh  better  eontaets  eompared  to  the  UD  fiber  ease. 


Table  11.  Eleetrieal  eonduetivities  of  BP/CF  hybrid  and  eontrol  eomposite  samples 


Sample 

In-plane  electrical  conductivity 
(S/cm) 

Out-of-plane 

electrical 

conductivity  (S/cm) 

Axial  direction 

Transverse  direction 

UD-CFRP 

(control) 

93.5 

0.13 

0.04 

BP/UD-CF-1 

258.4 

45.7 

0.18 

BP/UD-CF-2 

306.8 

54.6 

0.21 

CF  fabric  (control) 

61.4 

51.7 

0.23 

BP/CF  fabric- 1 

94.3 

71.9 

0.29 

5,  Multiscale  Model  and  Simulation  of  Buekypaper  and  Nanocomposites 

Integrated  eomputational  and  experimental  engineering  (ICEE)  is  a  powerful  tool  for  developing 
new  materials,  espeeially  for  nanomaterials  with  high  raw  material  eosts.  The  development  of 
high-performanee  earbon  nano  tube  (CNT)  supramoleeular  struetures  and  CNT/earbon  fiber  (CE) 
eomposites  uses  ICEE  to  guide  property  predietion  of  the  final  produet.  This  new  material  by 
nature  has  a  multiseale  strueture  with  CNTs  at  nanoseale,  CEs  at  mieroseale  and  eomposites  at 
maeroseale.  It  is  diffieult,  if  not  impossible,  to  build  a  unified  model  for  property  predietion  from 
information  lying  at  all  seales.  The  Georgia  Institute  of  Teehnology  (GT)  team  designed  a 
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hierarchical  modeling  strategy  for  this  new  material  development,  as  shown  in  Figure  54.  The 
main  components  include  MD  simulation,  coarse-grained  MD  modeling,  finite  element  analysis 
(FEA),  statistical  surrogate  modeling,  and  Bayesian  based  or  latent  variable  based  model 
calibration  and  adjustment.  The  result  is  a  hybrid  physics-statistics  model  that  predicts 
mechanical  properties  of  the  supramolecular  CNT/CF  composites.  Here  we  reported  the  major 
progress  in  coarse-grained  MD  modeling  and  finite  element  analysis  (FEA)  of  CNT  network  and 
alignment  properties. 
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Figure  54.  Integrated  Computational  and  Experimental  Engineering  (ICEE)  for  multifunctional 

nanocomposite  development 


5.1  Coarse-grained  MD  Model  of  CNT  Network  Structures  in  Buckypaper 

Our  research  team  studied  coarse-grained  MD  model  and  simulation  of  CNT  network  structures 
of  buckypaper  materials.  The  buckypapers  consist  of  packed  CNT  bundles  entangled  with  one 
another,  held  together,  and  arranged  as  a  planer  film  through  van  der  Waals  forces. They 
usually  form  a  highly  porous  network  structure  with  a  random  arrangement  of  CNTs  cross-linked 
by  weak  intertube  interactions. As  a  result,  a  significant  change  in  the  topology/microstructure 
of  a  CNT  network  could  result  when  the  buckypapers  are  loaded  mechanically,  such  as 
reorienting,  bending,  building  or  buckling  the  CNTs,'^^’'^^“'^^  which  would  be  expected  to 
modulate  the  macroscopic  properties.  An  in-depth  understanding  of  the  relations  between  the 
microstructures  and  mechanical  properties  of  CNTs  is  needed  before  the  potential  of  CNT 
buckypaper  can  be  realized  for  engineering  applications.  MD  simulations,  more  specifically 
large  scale  coarse-grained  molecular  dynamics  (CGMD)  simulations  technique,  were  used  to 
model  and  investigate  the  mechanical  properties  of  CNT  buckypaper. 

The  longer  CNTs  in  buckypaper  requires  the  representative  volume  element  (RVE)  for 
computational  simulation  to  be  mesoscopic.  The  resulting  huge  number  of  atoms  and  the  large 
range  of  van  der  Waals  (vdW)  interactions  between  CNTs  make  a  full  atomistic  simulation 


76 


DISTRIBUTION  A:  Distribution  approved  for  pubiic  reiease 


impossible.  Furthermore,  the  complexity  of  the  CNT  network  in  the  buckypaper  makes 
continuum  modeling  difficult.  Therefore,  the  CGMD  simulations  technique  was  adopted  since 
it  is  based  on  the  bead-spring  model  for  The  discrete  bead  interaction  through  bond 

and  bond  angle  springs  provide  a  description  equivalent  to  a  continuum  mechanics  model  with 
specific  tension  stiffness  and  bending  rigidity. 

For  our  CGMD  simulations,  we  modeled  the  cylindrical  atomic  structure  of  CNT  into  a  multi¬ 
bead  chain  model,  as  shown  in  Figure  55.  To  do  this,  a  full  atomistic  CNT  was  discretized  into 
multiple  beads  with  a  concentrated  mass  and  mutually  connected  through  springs.  This 
simplification  greatly  reduced  the  total  number  of  degrees  of  freedom  for  modeled  buckypaper 
and  allowed  us  to  take  into  account  long-range  vdW  interactions  between  CNTs.  The  total 
energy  of  the  multi-bead  chain  system  is  given  hy}^^ 

Esystem  =  Ex  +  Eb+  Epairs 


Where  Ex  =  kx(b-bo)V2  is  the  energy  stored  in  the  chemical  bonds  due  to  axial  stretching,  where 
kx  =  YA/bo  is  the  spring  constant  relating  to  the  tension  stiffness,  Y  is  the  Young’s  modulus  of 
the  carbon  nanotube,  A  is  the  cross  section  area  and  b  is  the  distance  between  two  bonding  beads 
with  bo=l  nm  as  its  equilibrium  distance.  EB=kB(0-0o)^/2  is  the  bending  of  adjacent  bead  triplets, 
where  kn  =  2YI/bo  is  the  angular  spring  constant  relating  to  the  bending  stiffness  D=YI;  0  is  the 
bending  angle  within  the  triplet;  00  is  the  equilibrium  angle;  and  I  is  the  bending  moment  of 
inertia.  Epairs=  4s[(a/r)'^  -  (a/r)^]  is  the  energy  due  to  weak  van  der  Waals  interactions  between 
all  pairs  of  non-bonded  beads,  separated  by  a  distance  r.  s  and  a  represent  the  energy  depth  and 
equilibrium  distance  at  vdW  equilibrium,  respectively.  The  six  parameters,  kx,  ka,  bo,  0o,  s  and  a 
that  define  the  multi-bead  chain  model  can  be  obtained  from  a  series  of  full  atomistic  simulations 
of  CNTs  via  equilibrium  conditions  (bo,  0o  and  a)  and  energy  conservation  conditions  (kx,  kn  and 
8),  i.e.,  tension,  bending  and  adhesion  tests  of  CNTs,  respectively,  following  a  “fine-trains- 
coarse”  approach. 


Figure  55.  The  bead-spring  model  for  CNT''^° 

The  model  parameters  derived  in'"^'  for  (5,5)  SWCNT  was  based  on  the  full  atomistic  calculation 
of  CNTs  are  used  in  our  simulation,  as  listed  in  Table  12. 
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Table  12.  Parameters  of  the  mesoseopie  bead-spring  model  of  (5,  5)  SWCNT^"^^ 


Parameters 

Units 

(5,  5)  SWCNT 

khond 

Kcal  mof'  A'^ 

1000 

ro 

A 

100 

kbend 

Kcal  mof'  rad'^ 

180 

00 

Degree 

14300 

e 

Kcal  mof' 

15.10 

a 

A 

9.35 

Figure  56a  illustrates  the  strueture  of  our  eoarse-grained  model  CNT  buekypaper.  Self-avoid 
random  walk  was  used  to  generate  the  initial  eonfiguration  of  RVE  of  the  CNT  network  in 
buekypaper.  Then  the  RVE  was  relaxed  using  a  eombined  moleeular  dynamies/Monte  Carlo 
method,  bond  swap  algorithm  (BSA),  to  reach  the  minimum  energy  state  under  room  temperature 
and  atmosphere,  which  were  the  initial  conditions  for  MD  simulations  of  stress-strain  tests.  To 
make  the  initial  configuration  generated  by  random  walk  as  close  to  the  relaxed  state  as  possible, 
the  walk  path  of  each  CNT  was  constructed  as  follows: 

•  Choose  a  random  starting  point  within  the  RVE.  The  dimensions  of  the  RVE  are  user 
specified.  In  this  study,  the  dimensions  used  are:  200  (E)  x200  (W)  x20  (H)  nm^. 

•  Use  spherical  coordinates  to  define  the  walking  direction  (1,0,  (p). 

•  Choose  a  random  walking  direction  to  move  to  the  second  point:  theta  (0)  is  defined  to  obey 
normal  distribution  on  the  range  [0,  ti],  0=7i/2-l-((7i/4)/1.6)*randn  &  O<0<7i,  with  the  mean  to 
be  7i/2  and  the  probability  falling  in  [7i/4,  37i/4]  to  be  90%,  in  order  to  make  sure  the  CNT  is 
more  aligned  in  x-y  plane;  the  moving  direction  in  x-y  plane  is  defined  by  (p,  a  random 
variable  uniformly  defined  in  [0,  27i]. 

•  Erom  3rd  points  onward,  the  movement  in  the  z-direction  is  similar  as  that  defined  in  step  c) 
with  0;  the  moving  direction  in  x-y  plane  is  defined  such  that  it  will  not  deviate  too  much 
from  the  previous  walk  path  (because  the  equilibrium  angle  between  bead-bead  bonds  is 
180°),  which  is  achieved  by  (p  =  dircp  +  ((7i/6)/1.6)*randn:  the  mean  is  the  (p  of  previous  path, 
probability  of  deviating  ±  60°  is  90%. 

•  Re-choose  the  path  if  the  point-to-move-to  has  already  been  occupied  by  existing  points  or 
exceeds  the  RVE  range. 

The  process  was  repeated  until  the  desired  number  of  CNTs  was  achieved.  The  RVE  of 
buekypaper  was  set  to  be  200^200^20  nm^  and  contained  80  (5,  5)  SWCNT  at  a  length  of  500 
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nm.  Figure  56  shows  representative  RVEs  of  CNT  buekypaper  composites  that  were  generated 
following  the  steps  above. 


Figure  55.  CNT  configurations  in  buekypaper  (a)  before  energy  minimization  (b)  after  64-picoseconds 

relaxation 


However,  the  initial  configuration  generated  in  this  way  was  far  from  being  in  a  state  of 
equilibrium  and  the  initial  relaxation  for  a  minimum  energy  state  took  a  long  time.  A  three-hour 
calculation  on  a  four-core  computer,  which  was  equivalent  to  64-picoseconds  in  real  time,  showed 
no  sign  of  equilibrium,  although  the  total  potential  energy  of  the  whole  system  decreased  to  about 
92,500  Kcal/mole  (Figure  56b)  from  the  initial  value  with  an  order  of  1,018  KcaFmole  (Figure 
56a).  The  right  image  gave  a  better  representation  of  buekypaper  with  a  smoother  orientation  of 
CNTs.  The  established  model  can  be  used  for  further  analysis  of  structure-property  relationships 
of  CNT  networks. 


5.2  FEA  for  Modeling  CNT  Network  Structure  Change  and  Alignment  Properties 

As  most  inputs  for  the  FEA  model  are  directly  measured  from  SEM  images  of  buekypaper,  the 
first  task  is  to  enhance  the  image  analysis  for  a  more  accurate  nanostructure  characterization.  The 
properties  of  the  CNT  sheet  are  determined  by  its  nanostructure  characteristics,  such  as  lengths, 
diameters,  orientations  of  CNTs,  and  how  they  interconnect  with  each  other.  However,  direct 
measurement  from  SEM  images  of  CNT  sheet  is  difficult^'^'^’^'^^  due  to  its  multilayer  nature 
(Figure  57).  In  order  to  extract  accurate  characteristics  of  CNTs,  the  SEM  images  need  to  be 
processed  and  analyzed  using  image  enhancement  tools. 

The  GT  team  has  developed  an  algorithm  to  handle  this  particular  problem.  The  algorithm 
captures  the  boundaries  of  CNTs  in  the  image.  Then  it  removes  the  noise  from  the  lower  layer 
and  repairs  the  nanotubes  on  the  top  layer.  The  resulting  image  shows  greater  contraction 
between  top  layer  nanotubes  and  lower  layer  noises,  as  shown  in  Figure  58. 
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Figure  58.  A  comparison  between  original  image  (left)  and  processed  image  A  comparison  between 
original  image  (left)  and  processed  image  (right).  The  brightness  and  sharpness  of  top  layer  CNTs  are 
enhanced,  providing  a  more  distinguishable  input  for  the  analysis  software 

SIMAGIS,  an  advanced  image  analysis  software,  was  used  to  extraet  the  nanostrueture 
information  from  the  SEM  images.  We  eompared  the  analysis  results  from  both  the  original 
image  and  the  proeessed  image  to  the  manual  measurement  of  100  CNTs  in  eaeh  SEM  image, 
whieh  is  shown  in  Eigure  59.  Similarly,  the  length  distribution  and  orientation  distribution  were 
also  measured  from  the  SEM  images.  An  example  of  sueh  eharacterizations  of  a  random 
buekypaper  is  shown  in  Eigure  60. 
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Figure  57.  Typical  SEM  image  of  CNT  sheet 
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Figure  59.  The  comparison  of  diameter  measurement  results.  The  results  from  the  processed  image  not 
only  reduced  the  discrepancy  between  manual  measurement  and  software  analysis,  but  also  better 

captured  the  trend 


Orientation 


Figure  60.  (a)  Length  measurements  and  (b)  orientation  measurements  of  a  random  buckypaper 


The  effective  load  transferring  at  the  nanotube  interconnections  in  a  CNT  sheet  is  the  critical 
mechanism  underlying  its  mechanical  properties,''^  In  order  to  provide  a  strong  interaction 
between  the  nanotubes,  the  joints  were  treated  by  methods,  such  as  e-beam  sintering.  Assuming 
all  joints  are  fixed  after  the  CNTs  achieve  a  supramolecular  structure,  the  mechanical  properties 
of  the  CNT  sheet  can  be  predicted  based  on  its  nanostructure.  A  finite  element-based  mechanical 
model  for  CNT  sheets  has  been  developed  for  this  purpose. 


The  network  of  CNT  in  the  sheet  was  viewed  as  a  truss  structure.'"'^  The  GT  team  developed  a 
random  network  generator,  which  simulates  the  CNT  network  in  the  sheet  confined  in  a  1  pm  by 
1  pm  control  cell.  The  lengths  and  distributions  of  each  element  were  generated  from 
distributions  characterized  by  previous  measurement  methods  from  SEM  images  of  CNT  sheets. 
The  joints  were  identified  by  finding  the  intersections  of  elements,  as  shown  in  Figure  61.  This 
imaging  analysis-based  approach  is  valuable  for  exploring  structure -property  relationships  of 
CNT  networks. 
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Figure  61,  The  randomly  generated  CNT  network  (left)  and  the  eorresponding  truss  strueture  (right) 

Conclusions 

In  this  project,  we  explored  two  novel  low-density  material  systems  to  potentially  realize  the 
ultimate  intrinsic  properties  of  CNTs  for  scale-up  applications:  continuous  highly  aligned  CNT 
tapes  or  sheets  and  CNT  sheet/carbon  fiber  hybrid  composites  (CNT/CF)  with  aerospace-grade 
quality  and  carbon  fiber  concentration. 

We  studied  different  approaches  for  engineering  CNT  networks  in  CNT  thin  films  or  buckypaper 
to  achieve  high  degree  of  alignment  and  graphitic  crystal  packing.  With  the  selection  of  extra- 
large  aspect  ratio  (>100,000)  and  small  diameter  (58  nanometers)  double-walled  CNT  and  use  of 
load  transfer  media  in  CNT  networks,  we  developed  unique  mechanical  stretching  process  to 
realize  high  degree  of  alignment  and  graphitic  crystal  assembling  CNTs  to  reduce  packing 
defects  in  macroscopic  assemblages  of  CNTs.  We  found  that  the  ductility  of  the  network  largely 
relies  on  the  high  aspect  ratio  of  millimeter  long  nanotubes,  high  waviness  and  locking  points 
from  residual  catalyst  nanoparticles  and  use  of  load  transfer  media.  The  original  random  network 
has  low  density,  strength  and  modulus.  The  effect  of  uniaxial  strain  on  the  CNT  network  was  the 
nanostructure  evolution  through  multiple  deformation  modes  found  by  using  SEM,  Raman  and 
in-situ  X-ray  analysis.  The  deformation  modes  exposed  the  CNT  network  strain  hardening 
parameter  n  value  as  high  as  0.65,  which  was  much  higher  than  annealed  low-carbon  steel  and 
typical  polymers.  The  alignment  treatment  also  enhanced  the  mechanical  properties  with  strength 
coefficient  K  values  for  the  CNT  network  and  show  high  values  up  to  roughly  450  MPa  in  the 
range  of  annealed  magnesium  alloys. 

The  aligned  CNT  fraction  in  the  resultant  materials  can  be  as  high  as  0.93,  close  to  that  of  carbon 
fiber  materials.  We  discovered  that  the  unique  geometrically  constrained  self-assembly  and 
graphitic  crystal  packing  of  flattened  and  aligned  CNT  can  lead  to  intimately  surface  contact  of 
CNTs  to  substantially  improve  load  transfer  and  mechanical  properties.  The  failure  modes  and 
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mechanisms  at  different  scales  were  studied  by  SEM  and  TEM  analysis.  The  microstructure 
analysis  by  SEM  showed  evidence  of  failure  due  to  nanotube  bundle  telescoping,  interlayer 
separation,  and  bundle  pullout  and  folding,  resulting  from  relatively  weak  CNT/CNT  and 
CNT/resin  interactions.  The  CNTs  in  bundles  were  collapsed  and  preferred  to  form  surface-to- 
surface  stacking  and  shoulder-to-shoulder  assemblies.  MD  simulations  of  8  nm  diameter 
nanotubes  predicted  a  density  of  0.665  and  1.820  g/cm^  for  round  and  flattened  nanotubes 
respectively.  Comparing  predicted  densities  to  the  measured  densities  indicates  that  the  samples 
are  highly  dense,  with  a  very  low  void  volume  fraction  and  a  large  percentage  of  flattened  CNTs. 
This  novel  geometrically  constrained  self-assembly  and  packing  of  flattened  and  aligned  CNTs 
has  the  potential  to  realize  microstructures  with  the  long-range  order,  low  defect  density,  and 
ordered  crystalline  CNT  packing  that  are  thought  to  be  essential  for  fully  translating  CNT 
mechanical  properties  into  composite  materials. 

We  also  revealed  that  extremely  low  permeability  (x  10‘'^~‘^^  m^)  of  CNT  thin  film  or  buckypaper 
materials  could  largely  eliminate  through-thickness  flow  of  resin  matrix  during  composite 
autoclave  fabrication  process.  Modification  of  processing  parameters  and  consideration  of  strong 
capillary  resin  absorption  of  CNT  networks  during  CNT  buckypaper/CE  prepreg  materials  for 
hybrid  composites  are  needed  to  fabricate  aerospace-grade  hybrid  composites  with  5-'8  wt.% 
CNT  and  50“'60  vol.%  carbon  fiber  concentrations.  The  composites  with  CNT/CE  alternative 
interply  hybridization  demonstrated  promising  mechanical/electrical  multifunctional  features. 
The  strong  CNT  layers  also  acted  as  effective  microcrack  arresting  layers  to  potentially  improve 
damage  tolerance  properties.  The  project  results  provide  a  new  fundamental  understanding  for 
scale-up  for  CNT  applications  in  lightweight  and  multifunctional  composites  and  structures.  The 
multiscale  model  and  simulation  of  CNT  and  buckypaper-based  materials  were  also  explored. 
The  new  fundamental  understanding  of  highly  aligned  and  graphitic  crystal  pack  of  flattened 
CNTs  and  toughening  effect  of  interply  CNT  layers  in  buckypaper/CE  hybrid  composites  are 
valuable  for  developing  future  low  density  and  multifunctional  composite  systems. 
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